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a  b  s  t  r  a  c  t

Shape-memory  resorbable  materials  were  obtained  by  extrusion-cooking  of  potato  starch  with  20%
glycerol  under  usual  conditions.  They  presented  an  efficient  shape-memory  with  a  high  recovery  ratio
(Rr  >  90%).  Their  recovery  could  be  triggered  at 37 ◦C in water.  After  water  immersion  at  37 ◦C,  the  modulus
decreased  from  1 GPa  to 2.4  MPa  and  remained  almost  constant  over  21  days.  Gamma-ray  sterilization
did  not  have  a  dramatic  impact  on their  mechanical  properties,  despite  a large  decrease  of  molecular
eywords:
iomaterial

n vivo implantation
hape-memory
tarch

mass  analyzed  by asymmetrical  flow  field-flow  fractionation  coupled  with  multi-angle  laser  light  scat-
tering (AFFFF-MALLS).  Samples  implanted  in  a  rat  model  exhibited  normal  tissue  integration  with  a low
inflammatory  response.  Thus,  as  previously  investigated  in  the  case  of shape-memory  synthetic  poly-
mers,  natural  starch,  without  chemical  grafting,  can  now  be  considered  for  manufacturing  innovative
biodegradable  devices  for  less-invasive  surgery.
xtrusion

. Introduction

Starch is a natural, renewable and biodegradable polymer pro-
uced by many plants as a source of stored energy. It is the second
ost abundant biomass component in nature. It is found in plant

oots, stalks, crop seeds, and staple crops such as rice, corn, wheat,
assava, or potato (Buléon, Colonna, Planchot, & Ball, 1998). Starch
s a polyanhydroglucose that consists of two homologous poly-

ers: the linear amylose and the hyper-branched amylopectin,
hose molecular weights (Mw) range from l04 to l06 g mol−1 and

rom 107 to 109 g mol−1, respectively. In its native form, starch
s stored as granules and presents a semi-crystalline structure.
s an inexpensive resource, it is widely utilized for the devel-

pment of biodegradable materials such as soluble films (Lopez,
ecot, Zaritzky, & Garcia, 2011), as well as innovative materials for
iomedical applications. To achieve these, numerous methods are

Abbreviations: wb,  wet basis; RH, relative humidity; DMA, dynamic mechanical
nalysis; SMP, shape-memory polymers; Tg, glass transition temperature; TTrans,
ransition temperature.
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used to create starch-based biomaterials, including wet  spinning
(Ghosh et al., 2008), fiber meshing (Oliveira et al., 2007; Santos et al.,
2010), injection molding (Neves, Kouyumdzhiev, & Reis, 2005),
casting (Arockianathan, Sekar, Kumaran, & Sastry, 2012; Martins
et al., 2012) and extrusion (Gomes, Ribeiro, Malafaya, Reis, & Cunha,
2001; Hayakawa, Linko, & Linko, 1996). They lead to various struc-
tures ranging from partially crystalline to a completely amorphous
state.

Shape-memory polymers (SMPs) represent an important group
of stimuli-responsive materials. After being deformed into a tem-
porary shape, SMP  recover their initial shape, known as their
permanent shape, when exposed to a specified stimulus such
as temperature, pH, humidity, etc. (Lendlein & Kelch, 2002). The
molecular structure responsible for shape-memory properties
combines a permanent network and a temporary one. The hard
permanent network stores the permanent initial shape in memory
when the material is deformed to its temporary shape, after being
heated above its transition temperature (Ttrans). The temporary net-
work is fixed in the temporary shape when the SMP is cooled below
Ttrans under a maintained mechanical strain. When heated again
above Ttrans, the temporary network relaxes allowing the material
to spontaneously return to its permanent shape (Guo et al., 2011;
Lendlein & Kelch, 2002). In thermally-induced amorphous SMP, the

glass transition temperature (Tg) is closely related to Ttrans (Leng,
Lan, Liu, & Du, 2011; Vechambre, Buleon, Chaunier, Gauthier, &
Lourdin, 2011). Thermally-activated SMP  are of great interest in the
field of biomaterials (Lendlein, Behl, Hiebl, & Wischke, 2010; Leng
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t al., 2011) due to a combination of adaptable Ttrans, large shape
eformation and tunable stiffness (Liu, Qin, & Mather, 2007). For
edical applications, direct activation of thermally-induced SMP  is

ot always desirable since excessive heating may  be harmful to the
urrounding tissues. Therefore, the challenge for shape-memory
iomaterials is to be able to adjust their Tg close to body tempera-
ure, i.e. 37 ◦C, to avoid such issues. These materials could be easily
nserted into the body through a small incision in a compressed, or
longated temporary shape, thereby minimizing surgery.

Our group recently showed that natural extruded thermoplastic
tarch presents an efficient shape-memory, without chemical graft-
ng (Chaunier & Lourdin, 2009; Lourdin & Chaunier, 2009). Shape
ecovery of starch materials can be triggered by temperature as well
s humidity. Water can diffuse into the polymer sample and acts as a
lasticizer, leading to a Tg decrease to body temperature and even
elow (Chaunier & Lourdin, 2009; Leng et al., 2011; Vechambre
t al., 2011).

The objective of this study was to demonstrate that shape-
emory starch can be used for biomedical application. Unmodified

otato starch was chosen due to its lack of residual components
uch as proteins or lipids that could have a harmful effect on its
iocompatibility. Potato starch was extruded with water and glyc-
rol as plasticizer. The mechanical properties and the structure of
his SMP  in both dry and in media-simulating physiological condi-
ions (immersion in water at 37 ◦C) were assessed before and after
terilization. The shape-memory performances were evaluated in
ater at 37 ◦C and in vivo effects of the implantation of shape-
emory extruded starch were determined after a subcutaneous

mplantation in a rat model.

. Materials and methods

.1. Raw materials

Potato starch was purchased from Roquette (Lestrem, France).
he initial moisture content was approximately 13% of the wet
asis weight (wb). Sodium bromide and 99% glycerol were pur-
hased from Sigma–Aldrich Chemie GmbH (Steinheim, Germany).
ll other chemicals were obtained from Sigma–Aldrich Chemie
mbH (Steinheim, Germany) and used without further purifica-

ion. Ultrapure milli-Q-water (18.3 M� cm−1) (Millipore, Bedford,
A,  USA) was used as a solvent.

.2. Extrusion and sample equilibration

Prior to extrusion, water was added to adjust the starch mois-
ure content to 27% wb. Glycerol content was adjusted to 20% (wb).
tarch was mixed with water and glycerol in a laboratory kneading-
achine.
Starch was extruded using a SCAMIA single-screw device

Rheoscam Type 20.11d, Crosne, France) with a die outlet diameter
f 3 mm.  The temperature profile was [100 ◦C; 110 ◦C; 110 ◦C] along
he heating elements, from the entry of the extruder to its outlet
i.e. the die). The sample shape obtained was a dense, non-porous
ylinder.

After flowing through the die, samples were stabilized in des-
ccators containing a saturated sodium bromide solution with a
elative humidity (RH) of 59% at 20 ◦C for 15 days, in order to reach
n equilibrated water content before subsequent analysis.

.3. Sample sterilization
Extruded starch was submitted to sterilization by �-ray ioniza-
ion to evaluate the influence of ionization on their mechanical
roperties. �-ray ionization was performed by Ionisos (Sablé-sur-
arthe, France) at a minimal standardized dose of 25 kGy (ISO
lymers 99 (2014) 242– 248 243

11137) on samples stored in individual bags (Westfield Medi-
cal Limited, Midsomer Norton, UK). Samples were evaluated after
being re-equilibrated at RH of 59%.

2.4. Sample characterization under ambient conditions

2.4.1. Mechanical properties
Tensile tests were carried out on starch cylinders (diame-

ter = 3.4 mm;  length = 50 mm)  with a material testing machine
(Instron Corporation, model 1122, Canton, MA,  USA) equipped with
a 100 N tensile load cell. The distance between grips was 20 mm and
the crosshead speed was  set at 5 mm  min−1. The elongation and the
tensile stress at break (εr and �r, respectively) were evaluated at
room temperature. Each measurement was performed at least five
times.

2.4.2. Wide angle X-ray scattering (WAXS)
The crystalline structure was  assessed by WAXS and dia-

grams were recorded in transmission mode using a Bruker
D8 X-ray diffractometer (Madison, WI,  USA) equipped with a
two-dimensional GADDS detector. The X-ray radiation, Cu K�1
(� = 0.15405 nm), produced in a sealed tube at 40 kV and 40 mA
was selected and parallelized using a Gobël mirror parallel optics
system and collimated to produce a 500 �m beam diameter.

2.4.3. Differential scanning calorimetry (DSC)
The glass transition temperature was  determined by DSC on an

automated TA Q100 instrument (TA Instruments, New Castle, DE,
USA). Experiments were carried out on an aliquot of approximately
10 mg  of bulk sample placed in stainless steel airtight cells. Two
successive scans were run at 3 ◦C min−1 between 0 and 160 ◦C, sep-
arated by a cooling stage. The glass transition temperature was
determined on the second scan at the midpoint of the calorific
capacity change on the thermogram.

2.4.4. Moisture content
Moisture content was determined for each sample after being

stabilized over 15 days in a desiccator at RH = 59% at 20 ◦C by a
thermo-gravimetric method. Briefly, samples were weighed and
then heated in an oven at 130 ◦C for 24 h, then cooled down and
reweighed. Moisture content was calculated based on the differ-
ence between these weights.

2.4.5. Molar mass determination
Samples (0.7 g) were first dissolved in 95% dimethylsulfox-

ide (DMSO) (20 mL)  under magnetic stirring for 3 days at
room temperature. Samples were then precipitated with ethanol
(200 mL), rinsed with ethanol and dried with acetone, as pre-
viously described (Bello-Pérez, Roger, Baud, & Colonna, 1998).
The precipitate was  subsequently air-dried at room temperature
under desiccant. As previously described (Rolland-Sabaté, Colonna,
Mendez-Montealvo, & Planchot, 2007), the starch powder thus
obtained was  solubilized by microwave heating under pressure at
140 ◦C for 40 s. The starch solution was then filtered through a 5 �m
Durapore® membrane (Waters, Bedford, MA,  USA).

Molar masses were determined by asymmetrical flow field-
flow fractionation coupled with multi-angle laser light scattering
(AFFFF-MALLS) with a pure cellulose membrane at a cut-off point
of 10,000 Da from Celgard LLB (Charlotte, NC, USA). Water was
used as the mobile phase containing 0.2 g L−1 sodium azide, as
previously described (Rolland-Sabaté et al., 2007), with a flow
rate of 0.84 mL  min−1 for channel flow in. The crossflow was

set at 0.84 mL  min−1 and the channel flow rate out was  set at
0.2 mL  min−1 for the sample introduction and relaxation/focusing
period. The sample was injected at 0.2 mL  min−1 for 300 s. After
the injection pump was stopped, the sample was  allowed to relax
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nd to focus for 60 s. For elution, the channel flow rate out was
et at 0.84 mL  min−1 and the crossflow was reduced from 0.4 to

 mL  min−1 for 400 s, after which it was maintained at 0 mL min−1

or 875 s. The concentrations were determined at each slice of the
lugram using a differential refractometer RID-10A from Shimadzu
Kyoto, Japan).

To evaluate solubilization and elution recoveries, carbohydrate
oncentrations were determined by the sulfuric acid-orcinol colori-
etric method (Tollier & Robin, 1979) both on the non-filtered and

ltered solutions and by integration of the differential refractive
ndex (DRI) signal.

Number and weight average molar masses, M̄n and M̄w were
stablished as previously described (Rolland-Sabaté et al., 2007)
sing ASTRA® software from the Wyatt Technology Corporation
Santa Barbara, CA, USA) (version 5.3.4.20).

.5. Sample evaluation in water at 37 ◦C

.5.1. Water absorption
Water absorption of extruded starch was monitored as the

ample was immersed in deionized water at 37 ◦C. Samples
diameter = 3.4 mm;  length = 15 mm)  were weighed before being
mmersed in deionized water. Samples were then periodically
emoved, gently dried on precision paper-wipes (Kimwipes®,
imberly-Clark, VWR, France) and weighed before being re-dipped

n water solution. Moisture content was then calculated based on
he difference between the hydrated weight and the dry weight
reviously obtained.

.5.2. Thermomechanical behavior
The dynamic mechanical analysis (DMA), carried out on a DMTA

KIV apparatus (Rheometric Scientific, Piscataway, NJ, USA), was
sed in the tensile mode with the frequency set at 1 Hz on starch
ylinders (diameter = 3.4 mm;  length = 15 mm).  The deformation
mplitude was 0.1%. The apparatus was turned upside down in
rder to measure the properties of the sample dipped in a deion-
zed water bath thermostated at 37 ◦C. Data were collected by a
omputer program (RSI Orchestrator, Rheometric Scientific, Piscat-
way, NJ, USA), which calculated the dynamic properties E′, E′′ and
an ı = E′′/E′, where E′ is the storage or elastic modulus and E′′ is the
issipative or viscous modulus.

.6. Shape-memory properties

In order to make the extruded starch a shape-memory material,
t is subjected to a thermomechanical history called programming
teps. The permanent shape was the straight thread without any
urther modification after being extruded and cooled at 20 ◦C under

 stable moisture level, RH = 59%. Then the temporary shape was
iven to the specimen after being heated above Tg. The sample was
ent and cooled down while maintaining the mechanical bend-

ng before storage under Tg. Briefly, each straight starch cylinder
length = 50 mm)  was immobilized on a bending device. Cylinders
ere bent to �0 = 180◦ after heating at Tg + 15 ◦C for 5 s. To fix the

emporary shape, it was cooled down below Tg under constraint.
tress was then removed and the sample was stored at −20 ◦C
efore the recovery step.

To evaluate their shape recovery ability, the programmed shape-
emory samples were immersed in water at 37 ◦C. Shape-memory

erformance of such bent samples was evaluated using a method
reviously described (Chaunier, Vechambre, & Lourdin, 2012; Lan,

iu, Lv, Wang, Leng, & Du, 2009; Leng et al., 2011). The recovery
ngle �n was closely monitored over time by a tri-CCD camera
nd VisionStage software (Alliance Vision, France). Images were
hen analyzed by Matlab® (MathWorks, France) to automatically
lymers 99 (2014) 242– 248

calculate the recovered angle (�n) over time. Each experiment was
performed at least five times for unsterilized and sterilized samples.

The recovery ratio (%) was calculated as:

R = �0 − �n

�0
× 100

The recovery rate (◦ s−1) was  also evaluated by image-analysis.

2.7. In vivo sample implantation

2.7.1. Surgical procedure
The animal protocol was  approved by Bichat University’s

Institutional Animal Care and Use Committee. Two  independent
sub-cutaneous pockets (1 cm)  were made on either side of the
abdominal wall midline in five anesthetized male Wistar rats
(200–250 g, 8 weeks old, Janvier, CERJ, Laval, France) in order to
avoid any contact or overlapping between samples during the post-
operative period. Next, samples measuring 3.4 mm in diameter and
1 cm in length were inserted into these pockets. The skin was closed
using Vicryl 4.0. At 8 days post-surgery, the rats were euthanized by
an intraperitoneal injection of sodium pentobarbital (60 mg  kg−1).
Implanted materials and the surrounding tissues were removed.

2.7.2. Histological studies
Implanted materials were dissected, and at least 0.5 cm of

surrounding tissue was excised, gently rinsed in saline solution
(9/1000) and fixed in 4% paraformaldehyde solutions, dehy-
drated and embedded in paraffin. Seven micron-thick sections
were obtained per rat (Leitz Wetzlar microtome, France), stained
with hematoxylin-eosin. Inflammatory reaction was  also evalu-
ated by macrophage immunostaining on tissue sections. Briefly,
after paraffin removal and rehydration, sections were immersed
in 3% hydrogen peroxide for 30 min  and in 1% bovine serum albu-
min  (BSA) for 40 min, then incubated with the primary antibodies:
ED1 (mouse anti-rat CD68, 1:1000 in 1% BSA, Serotec, France)
for 12 h at 4 ◦C, then incubated with an anti-mouse biotinylated
secondary antibody 1 h (1:1000, in 1% Tris-BSA) at room temper-
ature followed by HRP conjugated streptavidin (Dakocytomation,
Denmark). Sections were exposed to diaminobenzidine substrate
(DAB, Dakocytomation, Denmark) for 10 min  and counterstained
with hematoxylin. Sections were visualized under a microscope
(Olympus, Tokyo, Japan) and photographed using Q Capture Pro
software (Qimaging, Canada).

2.8. Statistical analysis

Statistical analyses were performed using Statgraphics Plus 5.1
software for Windows (StatPoint Technologies Inc., USA). T-tests
were performed to evaluate the change between unsterilized and
sterilized samples. P < 0.05 was  considered as a significant differ-
ence between groups.

3. Results

3.1. Physical properties and structure of materials

3.1.1. Extrusion conditions and glass transition
The extrusion of potato starch previously hydrated at 27% wb

and with 20% glycerol, led to translucent dense, non-porous cylin-
ders 3.4 mm  in diameter. With a screw speed of 20 rpm, the torque

was approximately 6 N m and the pressure at the outlet of the
extruder was  close to 22 bar. The flow through the extruder was
approximately 4.7 g min−1. The specific mechanical energy was
about 160 J g−1.
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2.4 × 106 Pa. Such a decrease of storage modulus was due to the
increase of temperature from ambient temperature to 37 ◦C and
simultaneously to the increase of water content from 12% to
about 50%, wb  (Fig. 3a). The moisture content then stabilized to
ig. 1. Mechanical behavior of unsterilized and sterilized extruded starch samples
onditioned at RH = 59% and 20 ◦C.

Storage at equilibrated relative humidity (RH = 59%, 20 ◦C) led
o a sample-moisture content of 13%, wb. The glass transition tem-
erature was measured at 14 ◦C by DSC.

.1.2. Effect of �-rays on mechanical properties and molecular
eight

After equilibration (RH = 59%, 20 ◦C), the elongation at break (εr)
nd the tensile stress at break (�r) were evaluated under ambient
onditions on samples before and after �-ray sterilization (Fig. 1).
he mechanical properties given in Table 1 were found to be similar
o those of previously published works (Vechambre, Chaunier, &
ourdin, 2010). Indeed, before sterilization, the tensile stress and
longation at break were 7.1 MPa  and 206%, respectively (Table 1).

Stress–strain curves had the same profile before and after ster-
lization (Fig. 1), thus the �-ray irradiation process did not seem to
ffect the mechanical behavior of the materials. Tensile stress and
longation at break decreased slightly after the ionizing treatment,
rom 7.1 ± 0.7 MPa  to 6.4 ± 0.2 MPa  and from 206 ± 17% to 155 ± 8%,
espectively. Concerning the structure, the quasi-amorphous state
f the samples, revealed by the WAXS diffractograms, was not mod-
fied by the �-ray irradiation (data not shown).

The decrease of tensile stress and elongation at break may
e explained by a depolymerization of amylose and amylopectin,
hich was confirmed by AFFFF-MALLS analysis. The elugram

Fig. 2) for unsterilized samples exhibited one main peak at 12.3 mL,
epresenting amylopectin with a modal molar mass, or weight
verage molar mass, calculated using 10 slices at the apex of the
mylopectin peak, M̄w = 8.33 × 107 g mol−1. The shoulder of this
eak, between 7 and 10 mL  of the elution volume represented the
mylose component. On the elugram for sterilized samples, the
mylopectin main peak was found at 11 mL  with a molar mass of
.81 × 106 g mol−1. This shift to a smaller elution volume correlated
o a smaller molar size revealing the degradation process due to
he �-ray treatment The main peak at 7.5 mL,  with a modal molar

ass M̄w = 3.19 × 105 g mol−1, would correspond to amylose and

ragments of depolymerized amylopectin. The amylopectin depoly-

erization then induced a decrease of its molar mass and the
roduction of dextrin chains of a size close to those of amylose,

able 1
ffect of �-rays irradiation on extruded starch samples conditioned at RH = 59% and
0 ◦C on mechanical properties and on shape recovery rate and recovery ratio.

Unsterilized starch Sterilized starch

Elongation at break (%) 206 ± 17 155 ± 8*

Tensile stress at break (MPa) 7.1 ± 0.7 6.4 ± 0.2*

Recovery rate (s−1) 6 ± 1 5 ± 1
Recovery ratio (%) 90 ± 4 93 ± 7

* p < 0.05, Student’s test.
Fig. 2. Elugram of unsterilized and sterilized extruded starch samples obtained by
AFFFF-MALLS (normalized differential refractive index, DRI).

without the formation of small oligosaccharides, since the elution
recovery was  approximately 100% with the membrane cut-off of
10 kDa. Unfortunately, amylose degradation could not be evalu-
ated by AFFFF-MALLS analysis because the elution method used
was optimized for amylopectin fractionation.

3.2. Thermomechanical properties and shape-memory
performance determined in water at 37 ◦C

3.2.1. Thermomechanical properties and structure
The evolution of the mechanical modulus (E′) of the material

immersed in water at 37 ◦C was obtained by DMA  analysis. The
simultaneous water uptake was also measured. During the first
6 h, the storage modulus E’ fell steeply from 1 × 109 Pa to about
Fig. 3. Physical characterization upon immersion in water at 37 ◦C of extruded
starch samples. (a) Mechanical properties determined by dynamic mechanical anal-
ysis (tensile mode). (b) WAXS diffractograms showing a crystallization process
occurring during water immersion.
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ig. 4. Time-course of the extruded starch shape recovery followed by images acqu
n  water at 37 ◦C.

pproximately 55% after 24 h of immersion; the modulus remained
lmost stable and even slightly increased to 3.6 × 106 Pa, probably
ue to a slow crystallization that occured in starch. Indeed, the

nitial sample presented an almost amorphous structure as shown
n the WAXS diffractogram (Fig. 3b). After being immersed for

 weeks, the diffractogram of the sample revealed peaks at 5.6◦

nd 17◦. This corresponds to the crystalline hexagonal structure
nown as the B-type. The water uptake increased the mobility
f amylose and amylopectin, leading to the emergence of a more
rganized semi-crystalline structure (Soest, Hulleman, de Wit, &
liegenthart, 1996).

.2.2. Shape recovery
Shape-memory properties were evaluated on straight extruded

ylinders that were bent at 180◦ prior to the experiment and
aintained as such at −20 ◦C without any constraint. The mois-

ure content was not affected by this treatment. The sample was
mmersed in a water bath at 37 ◦C to relax the residual stresses and
o allow the recovery of its initial shape, which took about 5 min
Fig. 4). The initial recovery rate and recovery ratio were evaluated
y image analysis for both unsterilized and sterilized materials.
either the shape recovery rate, about 5◦ s−1, nor the shape recov-
ry ratio, close to 90%, was affected by the sterilization process, as
hown in Table 1. Moreover, 80% of the shape recovery occurred in
ess than 20 s.

.3. Sample in vivo implantations

In order to determine the tissue reaction to starch material, an
n vivo study was performed in a rat model. Samples were eas-
ly implanted and the thread was not broken by the suture knot.
he samples (Fig. 5a) were left for 8 days to study the short-term

ost–tissue reaction. After explantation, no macroscopic signs of

nflammation or infection were seen. After 8 days, the samples
ere still observed (yellow dotted line) but degraded (Fig. 5c, blue

rrows) within a matrix containing fibroblasts and inflammatory

ig. 5. Implantation and histological studies. A 1 cm length extruded starch sample was  

urgery, samples were still visible (yellow dotted line). A thin fibrotic cap surrounding sam
rrows)  were surrounded by many cells in a non-organized extracellular matrix. At day 8,
f  the references to color in this figure legend, the reader is referred to the web  version o
. Self-deployment of a straight shape-memory extruded starch samples immersed

cells, mainly macrophages (Fig. 5b, arrows), surrounded by a thin
fibrotic capsule (Fig. 5c, green arrow).

4. Discussion

Shape-memory properties of extruded starch materials have
been largely demonstrated in previous work (Vechambre et al.,
2011; Vechambre, Buleon, Chaunier, Jamme, & Lourdin, 2010;
Vechambre et al., 2010b). In order to envisage the domain of
biomedical applications, with a great potential for shape-memory
polymers (Yakacki et al., 2007), the shape recovery in body
conditions remained to be demonstrated for starch materials. In
particular it was necessary to investigate the duration of shape
recovery which is a crucial aspect for these applications. In this
study, the properties were measured on a 3.4 mm diameter
cylinder of extruded starch containing 20% glycerol. The com-
plete shape-recovery time after immersion in water at 37 ◦C was
obtained in 5 min. Moreover, 80% of the shape recovery occurred
in less than 20 s. Such shape-recovery time obtained in thermal
physiological conditions is coherent for biomedical devices and
is comparable with other usual biomaterials. For example, the
recovery time at 37 ◦C for a poly-l-lactic acid (PLLA) stent 0.17 mm
in thickness is about 20 min  (Tamai et al., 2000). Yakacki and co-
workers have shown that a tube with a wall thickness of 0.3 mm
made from tert-butyl acrylate, di(ethylene glycol) dimethacrylate
and poly(ethylene glycol) dimethacrylate co-polymer will recover
in 10 s to 10 min, depending on the crosslinking ratio (Yakacki et al.,
2007). Other SMP  such as a co-polymer from caprolactone and
microbial polymer 0.21 mm in thickness will recover in 25 s (Xue,
Dai, & Li, 2010). Beyond these data which depend on the geometry
of the device, what is most interesting is the possibility to optimize
the recovery time according to the application. This can be obtained
with starch materials thanks to the very wide domain of Tg, heavily

dependent on plasticizer and water contents. Fig. 6 represents
the state diagram showing glass transition with water content for
potato starch containing 0 and 20% glycerol from data previously
published (Lourdin, Coignard, Bizot, & Colonna, 1997). The crossing

implanted in subcutaneous pocket in rat abdominal wall (a). (c) After 8 days post-
ples were observed (green arrow). At higher magnification (b), starch particles (blue

 macrophages were detected by CD68 immunostaining (brown). (For interpretation
f the article.)
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Fig. 6. State diagram representing Tg evolution with water content, from data pub-
lished previously (Lourdin, Coignard, Bizot, & Colonna, 1997). Red arrow indicates
the  starting and the destination point of temperature/moisture change during sam-
ple immersion. Red point indicates experimental data obtained in this study. (For
interpretation of the references to color in this figure legend, the reader is referred
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raphy. Journal of Cereal Science, 27(3), 267–278.
Buléon, A., Colonna, P., Planchot, V., & Ball, S. (1998). Starch granules: Structure and
o  the web version of the article.)

f Tg which trigger shape recovery is symbolized by the red arrow
ndicating the starting and the destination point of tempera-
ure/moisture change during sample immersion. In this study, the
lassy/rubbery transition is the consequence of the sample heating
rom storage temperature (−20 ◦C in the present case) to body
emperature (37 ◦C) and also by the water diffusion into the sample
from 13% to about 50%), acting as a plasticizer for starch-based

aterials. It appears clearly that these mechanisms and conse-
uently the rate and extent of shape recovery are controlled by the
osition of the Tg/water content curve. This curve can be switched
epending on glycerol content (Lourdin et al., 1997). Thus, a wide
ange of recovery times can be controlled from a few seconds to
inutes by adjusting the amount of glycerol in the composition.
Because of the hydrophilic nature of starch, a modification of the

echanical properties of samples immersed in water is inevitable.
ndeed, the elastic modulus (E′) of samples decreased during the
rst hours of immersion, corresponding to a water uptake of nearly
0% wb. After 10 hours, due to the crystallization, the elastic mod-
lus E′ is stabilized at around 3 MPa  and remained constant for
he next 40 days of immersion. The material remains rubbery,
eformable and easy to handle.

The impact of the sterilization process on the physical proper-
ies of biomaterials is a key issue for the future use of this material
s a medical device. On extruded starch, a depolymerization of
mylopectin by the ionizing treatment was revealed. For amy-
ose it is less clear, but a fragmentation of linear chains can be
uspected. Despite this molecular degradation, the tensile stress
nd elongation at break remain at a correct level. Regarding the
hape-memory properties, there are not altered by the steriliza-
ion process carried out on the permanent shape. Globally it can
e considered that the sterilization treatment by �-radiation at
he standard minimal dose required for biomedical application
oes not strongly affect physical properties of starch materials.
o compare to other biodegradable medical devices such as PLLA,

 degradation after sterilization at 25 kGy was  observed and led
o a decrease of stiffness since crystallinity increased (Kantoglu &
uven, 2002; Suljovrujic et al., 2007). This probably resulted from

n alteration of the polymer structure due both to crosslinking and
hain-scission (Milicevic, Milivojevic, & Suljovrujic, 2012).
lymers 99 (2014) 242– 248 247

Starch-based scaffolds have demonstrated great potential appli-
cations in the fields of tissue engineering (Gomes, Godinho,
Tchalamov, Cunha, & Reis, 2002; Neves et al., 2005; Sobral,
Caridade, Sousa, Mano, & Reis, 2011) or as biomaterials (Frost
et al., 2011; Rodrigues & Emeje, 2012; Torres, Troncoso, Grande,
& Diaz, 2011). Generally they are used in association with other
compounds such as chitosan (Martins et al., 2012), polycapro-
lactone (Santos et al., 2010), gelatin (Zhang et al., 2013). In this
study we studied in vivo responses of 100% starch-based samples.
Our results showed a good extracellular matrix organization sur-
rounding the residual starch samples and a limited inflammatory
reaction, mainly due to the presence of the macrophages, thus
promoting the starch-based sample resorption. This observation
is a part of a normal wound-healing response to implanted bio-
materials (Anderson, Rodriguez, & Chang, 2008) and these results
were similar to those obtained with starch-hydrid samples such as
chitosan/starch (Martins et al., 2012) or starch/polycaprolactone
(Santos et al., 2010) scaffolds where moderate inflammation are
observed after 8 days’ implantation. While the resorption is fast
for these 100% starch- based scaffolds, and may  represent a limita-
tion for some medical applications which require slow resorption
time, this could be improved by using different extruded botan-
ical sources, to extend the in vivo lifespan of those materials. On
the other hand, this property could be used in some clinical appli-
cations which require a quick time-resorption, due to a high local
amylase activity, without inducing inflammatory responses such as
salivary-stenting.

5. Conclusion

Starch was extruded to create a new biomaterial with shape-
memory properties. We  demonstrated that shape recovery can be
triggered in media-simulating body conditions. Due to the abil-
ity for crystallization, starch materials show interesting and stable
mechanical properties during a long period in water at 37 ◦C. More-
over, starch possesses good biocompatibility and biodegradability
in a rat model. Programmed samples recover their initial shape in
a very short time, which allows applications in outpatient surgery,
thus minimizing the need for anesthesia and reducing hospitaliza-
tion time. The thermoplastic properties of starch are conducive to
the design of a very complex temporary and permanent 3D shape.
All these characteristics indicate that extruded starch is a good can-
didate for the development of medical devices with shape-memory
properties.
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