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Abstract Thermally activated shape memory polyure-

thane foams are promising materials for minimally inva-

sive surgical procedures. Understanding their physical and

chemical properties, in vitro response and effects of ster-

ilization is mandatory when evaluating their potential as

biomaterials. In this work, we report on the characteriza-

tion of two Cold Hibernated Elastic Memory (CHEM)

foams before and after two novel low-temperature sterili-

zation techniques (plasma and ozone). Foams have differ-

ent transition temperatures (Ttrans), as determined by Tand
peaks in DMA tests, that depend on their chemical com-

position: both foams possess excellent shape recovery

ability (Recovery Rate up to 99%) in conventional shape

recovery tests. Plasma sterilization (Sterrad� sterilization

system) resulted in a slight increase of open porosity, but

no effects on bulk chemical and thermo-mechanical prop-

erties were observed. Ozone sterilization had a stronger

effect on foams morphology, both in terms of an evident

rupture of pore walls and surface oxidation. These modi-

fications affected both thermomechanical and shape

recovery behavior. Furthermore, plasma sterilized foams

cytocompatibility was investigated with L929 fibroblast

cell line in vitro, showing a good adhesion and prolifera-

tion, as confirmed by SEM observation and Alamar blue

assay. The obtained results contribute to define the role of

shape memory foams as biomaterials and open novel

questions on the role of sterilization technique effects on

cellular solids.

1 Introduction

Shape memory materials show the ability to recover a

permanent shape from a temporary deformed state when an

external stimulus is applied. Temperature variations,

chemical gradients or electromagnetic fields [1] can induce

material’s phase transitions, resulting in a macroscopic

shape modification. Among these materials, Shape Mem-

ory Alloys (SMAs) have found large application in clinical

practice, allowing the design of a number of temporary and

permanent devices [2–4]. During the last 20 years, the

synthesis and characterization of novel polymeric materials

with thermally induced shape memory properties have

been reported [5]. In Shape Memory Polymers (SMPs), the

transition from temporary to permanent shapes is generally

stimulated by an external gradient of temperature, in the

range of a specific switching transition temperature (Ttrans).

Compared to SMAs, SMPs possess several advantages,

mainly the ability to recover larger deformations (up to

800%) and a strongly temperature-dependent modulus,

with variation of orders of magnitude in a narrow tem-

perature range. Moreover, they have low cost, easy man-

ufacturing and good biocompatibility [6–8]. Furthermore,

their physical (e.g. transition temperatures) and mechanical

properties can be tailored by small changes in chemical

composition and structure [5].
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Montréal, Montréal, QC, Canada

123

J Mater Sci: Mater Med (2010) 21:2067–2078

DOI 10.1007/s10856-010-4082-9



Due to all these advantageous properties, the develop-

ment of SMPs is actively promoted and their use has been

proposed in different technological areas [9–12]. In par-

ticular, the activation of shape recovery by body tempera-

ture represents a powerful mechanism for medical device

design, when using materials with Ttrans in the range of

37�C. Minimally invasive procedures, for instance, could

take advantage from such an approach: the ability to be

stretched in a temporary shape, that can substantially differ

from the ‘‘memorized’’ permanent shape, enables large

compressed devices to be introduced into the body and then

be expanded to fit a specific anatomic site. Moreover, taking

benefits from strongly temperature-dependent modulus,

devices with stiffness variation can be also realized.

For several biomedical devices, sterilization is manda-

tory and a validation before their clinical use is necessary.

A number of sterilization techniques are currently

employed and it is important that the applied method does

not adversely modify chemical and mechanical properties,

as well as functionality and biocompatibility [13]. Tradi-

tional techniques have limitations in terms of polymer

stability (e.g. c radiation and heat), treatment time, and

patient/operator safety (e.g. Ethylene Oxide). To overcome

these limitations, efforts have been made in developing

new sterilization technologies. Plasma and ozone sterili-

zations, for instance, are currently employed in medical

centers to decontaminate surgical equipments and devices.

Some recent works have been focused on the effects of

novel sterilization techniques on chemico-physical and

thermo-mechanical properties of polymers [13–16]. Lero-

uge et al. [16], for instance, showed surface oxidation in

polyurethane catheters and tubing and in polyvinylchloride

tubing and films after plasma sterilization. More recent

papers have analyzed the effects of such sterilization on

SMPs, also finding that it can determine a surface oxida-

tion, although resulting in no evident effects on thermo-

mechanical properties but in a reproducible cytotoxic

response [13].

However, all these works have been based on the

analysis of bulk materials, usually films: cellular solids are

currently attracting an increasing interest in biomedical

applications, e.g. for scaffolds in tissue engineering appli-

cations. Moreover, in the aforementioned works, no evi-

dence of effects on shape memory via shape recovery tests

have been produced.

In this work, we report on the effects of plasma and

ozone sterilizations on chemico-physical, thermo-mechan-

ical and shape recovery properties of two shape memory

polyurethane foams, Cold Hibernated Elastic Memory

(CHEM) [17–19]. The in vitro cytotoxicity and cytocom-

patibility of the two CHEM foams were also preliminary

evaluated before and after sterilization, using L929 fibro-

blasts cells line.

2 Materials and methods

2.1 Materials

Two Cold Hibernated Elastic Material (CHEM) foams

were kindly provided by W. Sokolowski from Jet Propul-

sion Laboratory (Pasadena, CA, USA) and synthesized by

Mitsubishi Heavy Industry (Nagoya, JP) [17–19]. CHEM

3520 and CHEM 5520 are poly(ether urethane) foams with

nominal glass transition temperatures Tg = 35�C (in the

following C3520) and Tg = 55�C (C5520), respectively.

Cylindrical specimens (U = 15 mm) were punched from

foam slices (h = 10 mm) by mean of a mechanical die.

The obtained cylindrical specimens were used for further

characterization, if not otherwise specified.

2.2 Plasma and ozone sterilization

Specimens were subjected either to Plasma (PL) or Ozone

(OZ) sterilization, according to indications of the manu-

facturer sterilization system.

Foam specimens underwent plasma sterilization in a

Sterrad� system (100S, Johnson & Johnson) according to

standard manufacturer procedures and clinical practice

(Istituto Nazionale per lo Studio e la Cura dei Tumori

(Milan, Italy)): a 400 W radio-frequency power (RF,

13.56 MHz) is applied at a pressure of 500 mTorr (67 Pa),

after injection of vaporized H2O2, to generate the plasma

phase. The overall plasma sterilization cycle is about

52 min and it is performed at room temperature: more

details about this treatment in terms of temperature, pres-

sure and system configuration can be found in [20].

Ozone sterilization was performed by using a TSO3

system (125L, TSO3 Inc. Québec, QC, Canada) at Institut

de Cardiologie de Montréal (Montréal, QC, Canada). In

this system, medical quality oxygen is released into the

ozone-generating unit and then subjected to an electrical

field, which converts the oxygen into ozone. The ozone is

then fed into a humidified sterilization chamber and is

subsequently reverted into oxygen using an ozone con-

verting catalyst. The only residues left at the end of the

sterilization cycle are oxygen and clean water vapor [21].

The process time is about 4 h 300 at T = 31 – 36�C.

2.3 Morphological analysis

Specimens were submitted to morphological evaluation by

a Scanning Electron Microscope (SEM EVO50EP, Zeiss)

at 7.5–10 kV and working distance 10–18 mm, coupled

with an Energy Dispersion X-Ray Spectroscopy for surface

microanalyses (EDS, Oxford INCA 200).
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2.4 Chemico-physical characterization

Foam density was evaluated according to the standard

practice EN ISO 845: after conditioning for 24 h at 25�C,

specimens (n = 12 for each CHEM foam) were weighed

and measured.

IR spectra were recorded using a Nicolet FTIR 6700

spectrometer (Thermo Electron Co.) in ATR mode using an

ATR Single Bounce accessory and ZnSe crystal. Samples

were clamped onto the ZnSe crystal by the standard pres-

sure device tip (2 mm diameter), which defines the effec-

tive spot size. Three different points were chosen for each

sample (1–3 mm thick) to verify the homogeneity of the

chemical modifications occurring upon sterilization. Peak

height analysis was performed on bands listed in Table 1,

corresponding to the characteristic absorption frequencies

of soft and hard segments, according to refs. [22–24]. All

the considered peaks were normalized to the 1591 cm-1

band from aromatic m(C=C)—considered as internal ref-

erence—assuming that the aromatic rings of diphenyl

methane diisocyanate in the hard segments are not affected

by degradation [25, 26]. Hydrogen-bonded and free car-

bonyl peaks from urethane groups were determined by

peak deconvolution of the 1780–1680 cm-1 region using

the Peak Fitting Module� of Origin� v.7 (OriginLab�)

software.

CHEM foam samples (18–20 mg, n = 3) were incu-

bated at 37�C for time periods ranging from 2 to 10 days in

5 ml of Phosphate Buffered Saline (PBS, pH 7.4) con-

taining 0.02% NaN3 as bacteriostatic agent. High Perfor-

mance Liquid Chromatography (HPLC, Bio-Rad with UV

Monitor Model 1306) was performed in order to evaluate

the possible release of low molecular weight substances

from the material after sterilization treatments.

2.5 Thermo-mechanical analysis

Dynamic Mechanical Analysis (DMA) were performed in

compression mode at heating rate of 1�C min-1 in the

temperature range 0–220�C, with an amplitude of 50 lm at

1 Hz (DMA 2980 analyzer, TA Instrument). Storage

modulus (E0), Loss modulus (E00) and Tand (Tand = E00/E0)
were recorded: tests were performed in duplicate, accord-

ing to the standard practice ASTM E1640, using cylindrical

specimens (Ø = 10 mm, h = 7 mm).

2.6 Shape memory characterization

Shape memory recovery tests were also performed in

compression mode: specimens were heated up to

TH = Tg ? 30�C and then compressed to em = 50%. At

constant strain (em), each sample was cooled down to

TL = Tg - 30�C to fix the temporary shape. At T = TL,

stress was released and the sample was allowed to recover

to eu (eu representing the deformation after the stress

release and it is a consequence of the fact that resulting

temporary shape always differs from the shape achieved by

deformation [5]). Specimens were then heated at constant

rate (Hr = 1�C min-1) to record recovered deformation as

a function of temperature or time and the final deformation

(ep). Strain recovery rate, Rr(T), was then calculated

according to the following equation:

R rðTÞ ¼
eðTÞ � e p

e m
ð1Þ

and hence plotted versus temperature (T).

2.7 In vitro cytotoxicity tests

In vitro cytotoxicity of the extracts was assessed using

L929 murine fibroblasts cells line (ECACC No. 85011425).

Extracts were obtained according to the standard practice

ASTM F619. Foam samples (Ø = 6 mm, h = 3 mm) were

disinfected in 70% v/v ethanol solution followed by UV

light exposure (10 min for each side), and then rinsed in

sterile PBS. Three samples for each foam were immersed

in Dulbecco’s Modified Eagle’s Medium (DMEM) with

10% Fetal Bovine Serum (FBS) and 1% penicillin/strep-

tomycin, maintaining a ratio material/medium of

0.04 cm3 ml-1. After 2 and 7 days of incubation, medium

extracts were put in contact with L929 cells (cell den-

sity = 1 9 105 cells ml-1) in 96-well tissue culture plates

(TCPS) up to 48 h. Cell viability was evaluated by MTT-

biochemical assay (3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide, a tetrazole). At different

timepoints, culture medium was replaced with 200 ll of

MTT (Sigma-Aldrich) solution and incubated for 4 h at

37�C and 5% CO2. Afterwards, MTT solution was replaced

with 200 ll of DMSO (Merk) and the multiwell plate was

shaken until complete salt crystal dissolution. Absorbance

was measured using a Tecan Genius Plus plate reader.

Measured absorbance was expressed as relative ratio over

control cells on TCPs in 2 and 7 days extracts.

Table 1 Considered bands for IR peak height analysis

Wavenumber

[cm-1]

Assignments

3320 v(N–H) H bonded

1730 v(C=O) non-H-bonded carbonyl from urethane

1703 v(C=O) H-bonded carbonyl from urethane

1591 v(C=C) benzene ring

1109 v(C–O–C) ether

1081 v(C–O–C) CO–O–C from urethane
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2.8 In vitro cytocompatibility tests

In vitro cytocompatibility of CHEM foams was also asses-

sed using L929 cells. L929 cells were suspended in DMEM

culture medium at the density of 7.5 9 105 cell ml-1. The

cell suspension (100 ll/well) was seeded onto each CHEM

foam specimen, placed in a 96-multiwell culture plate and

cultured in an incubator (5% CO2, 37�C) up to 7 days. Cells

viability was assessed using Alamar Blue colorimetric

assay. At each time point, the culture medium was replaced

with 1 ml Alamar BlueTM (Serotec) solution (10% v/v in

culture medium) and the plate incubated for 4 h. 100 ll (3

replicates for each sample) of the surrounding medium was

removed from each well, transferred to a 96 well plate and

the absorbance measured using a Tecan Genius Plus plate

reader. Samples were subsequently rinsed with PBS, fresh

culture medium was then added to each well and the plate

was returned to the incubator. To evaluate cell morphology,

at each timepoint (3 h, 1, 3 and 7 days after seeding), CHEM

foams specimens (n = 2 for each time point) were fixed with

1.5% v/v glutaraldehyde solution buffered in 0.1 M sodium

cacodylate (pH 7.2), dehydrated through a series of ethyl

alcohol solutions (20% to 100% v/v ethyl alcohol in distilled

water) and then air dried. Specimens were gold-sputtered

(Edwards S150B, operating at 0.2 mbar, 1 kV, 20 mA for

1 min) and examined by SEM (SEM EVO50EP, Zeiss) at

an accelerating voltage of 7.5 kV and working distance

7–9 mm.

2.9 Statistical analysis

Statistical analysis (Origin 7.0 software) were performed

using a t-test (student test), with significance level

P = 0.05. Before each statistical test, normal distribution

was verified by normal probability plots.

3 Results

3.1 Effects of plasma and ozone sterilization

3.1.1 Morphological properties

SEM micrographs of both C3520 and C5520 polyurethane

foams, before and after plasma and ozone sterilizations, are

reported in Fig. 1. C3520 foams (Fig. 1a) show a uniform

porosity in terms of dimension distribution: pores have

regular spherical shape and show low interconnection.

C5520 foams (Fig. 1d) have a morphology similar to

C3520, characterized by a higher pore interconnection.

Moreover, pores of C3520 foams have an average diameter

lower than C5520 (U = 375 lm vs. U = 419 lm for

CHEM 3520 and CHEM 5520 foams, respectively).

Observed lacerations on CHEM 5520 surface (Fig. 1d) are

probably due to specimen cutting procedure.

SEM images of plasma sterilized foams show a general

increase of interconnections between the pores (Fig. 1b, e).

In C3520PL and C5520PL foams pore wall ruptures have

been observed. Ozone sterilization resulted in a more evi-

dent morphological effect: both C3520OZ and C5520OZ

foams (Fig. 1c, f) show a greater pore interconnection,

when compared to both control and plasma sterilized

foams. Moreover, at higher magnification, submicrometric

cracks have also been detected on the C3520OZ foams.

Finally, C5520OZ (Fig. 1f) shows more irregular profiles

of interconnected pores, even if no cracks have been

observed on their pore walls.

Densities of C3520 and C5520 foams before and after

sterilizations are reported in Table 2: density decrease after

plasma sterilization is not statistically significant (P [ 0.05),

whereas following ozone sterilization process, only C3520

foam density significantly decreased (P \ 0.05).

3.1.2 Chemical properties

ATR-FT IR spectra show the same peaks for both C3520

and C5520 foams, indicating no differences in chemical

composition between the two materials. In particular,

1699 cm-1 peak indicates the presence of C=O urethane

bonds, 1220 and 1104 cm-1 peaks indicate, respectively,

the presence of C–O and C–O–C bonds and they are

characteristic for poly(ether urethane)s (spectra not

shown). After plasma and ozone sterilization treatments,

the presence of new bands was not detected.

To investigate possible change in phase separation onto

the surface of CHEM samples after sterilization, peak

height analysis was performed. Table 3 shows the obtained

IR peak ratios and their percent variations after plasma and

ozone sterilization. After plasma treatment, the peak height

ratios related to both hard (3320, 1730, 1703, and

1081 cm-1) and soft segments (1109 cm-1) showed a

slight and uniform increase (\5%). Because the ratio

between non-hydrogen-bonded and free urethane carbonyls

was unchanged vs. control (i.e., H1730/H1703 = 0.5 and 0.4,

respectively for 3520 and 5520), it can be assumed that the

surface degradation was homogeneous.

Conversely, ozone sterilization caused a noticeable

change in all the considered peak ratios, related to both

hard and soft segments. The increase in H-bonded NH and

urethane carbonyls, together with a decrease of non-

hydrogen-bonded carbonyls, indicates a more extended

phase separation on these samples, with rearrangement of

hydrogen bonds.

HPLC chromatograms for extracts at 2, 7 and 10 days

for C3520, C3520PL, C5520, and C5520PL foams shows

the characteristic peak of phosphate buffered saline (PBS)
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solution, with a shoulder determined by the presence of

NaN3. Chromatograms of ozone sterilized foams,

C3520OZ and C5520OZ specimens, at each timepoint (2, 7

and 10 days), showed a second peak at 20 min, being an

indication of possible low molecular weight products

release (data not shown).

3.1.3 Dynamic mechanical properties

Results of dynamic mechanical analysis for C3520 and

C5520, before and after sterilization, are reported in Figs. 2

and 3, respectively. Transition temperatures obtained from

the analysis of storage modulus (E0) and Tand are sum-

marized in Table 2.

Figure 2a shows the C3520 storage modulus and Tand
temperature dependence: a decrease of two orders of

magnitude in E0 is evident, as a consequence of the tran-

sition from the glassy to rubbery state. The onset temper-

ature of this transition is 12�C. At 129.6�C the onset of a

second transition temperature can be observed, due to the

melting of the crystalline domains, resulting in a further

decrease of E0. Tan d plot (Fig. 2b) shows a peak at 32.2�C,

Fig. 1 SEM micrographs of CHEM polyurethane foams: a C3520, b C3520PL, c C3520OZ, d C5520, e C5520PL, f C5520OZ (Scale bar
200 lm)

Table 2 C3520 and C5520 foams untreated (CO), Plasma (PL), and Ozone sterilized (OZ): density and transition temperatures from DMA

analysis

Density (S.D.) (g cm-3) Tg (�C) Tm (�C) TMAX (dRr/dT) (�C)

C3520 0.121(0.003) 32.2 129.6 29.9

C3520PL 0.127(0.003) 32.3 117.2 31.6

C3520OZ 0.114(0.003) 23.1 109.0 25.0

C5520 0.113(0.007) 45.1 158.0 58.3

C5520PL 0.105(0.004) 49.0 137.0 67.2

C5520OZ 0.107(0.006) 39.6 135.2 52.0

Table 3 ATR-FTIR peak height deconvolution analysis results (in round brackets, percentage variations vs. reference peak of control foams)

Material H3320/H1591 H1730/H1591 H1708/H1591 H1109/H1591 H1081/H1591

C3520 0.44 ± 0.01 0.88 ± 0.06 1.86 ± 0.03 1.75 ± 0.02 2.52 ± 0.07

C3520PL 0.47 ± 0.02 (?5) 0.90 ± 0.08 (?2) 1.93 ± 0.06 (?4) 1.77 ± 0.05 (?1) 2.54 ± 0.08 (?1)

C3520OZ 0.83 ± 0.09 (?88) 0.53 ± 0.15 (-40) 2.43 ± 0.13 (?31) 1.80 ± 0.26 (?3) 2.73 ± 0.35 (?8)

C5520 0.53 ± 0.01 0.75 ± 0.05 1.94 ± 0.05 1.44 ± 0.01 2.27 ± 0.07

C5520PL 0.54 ± 0.04 (?2) 0.76 ± 0.06 (?1) 1.96 ± 0.15 (?1) 1.40 ± 0.08 (-3) 2.20 ± 0.11 (-3)

C5520OZ 0.69 ± 0.16 (?31) 0.59 ± 0.34 (-22) 2.41 ± 0.13 (?24) 2.21 ± 0.24 (?53) 3.57 ± 0.32 (?57)
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that represents the material Tg, that corresponds to Ttrans

activating the shape memory effect. Plasma sterilization

seems to have a slight effects on dynamic mechanical

properties as well as on transition temperatures: both E0 and

Tand plots of C3520PL are comparable to those obtained

for C3520. E’ and Tand plots for C3520OZ specimens

evidenced a significant effect on thermo-mechanical

properties induced by ozone sterilization (Fig. 2a, b). Two

main effects are noticed: a downshift of Tg and the rubbery

plateau temperature range decrease. The negative shift of

Ttrans is evident from the analysis of Tand behavior, that

shows a peak at 23.1�C. E0 glassy transition onset has not

clearly identified, due to the wider temperature range of

transition from glassy to rubbery state. Moreover, a

downshift of melting temperature E0 onset after ozone

sterilization at 96�C is evident (vs. 129.6�C for C3520

specimens).

Figure 3 shows the temperature dependence of storage

modulus and Tand for C5520. As expected, Tg of C5520

foam is higher than C3520, even if CHEM 5520 foam

exhibit a difference between the Tg and nominal value

(Table 2). E0 onset temperature, from glassy to rubbery

state, can be observed at 29.5�C and Tand peak at 45.1�C.

Effects of plasma sterilization on C5520 are negligible

(Tand peak at 49�C), while a significant effect of the ozone

sterilization was evidenced (Tand peak at 39.6�C), once

again with a downshift of Ttrans.

3.1.4 Shape memory recovery

Results of shape memory recovery tests on specimens

before and after plasma and ozone sterilization are reported

in Fig. 4. For both foams, high final shape recovery rate

values (Rr) were found, as well as high shape retention

during the programming of the temporary shape.

The results of shape recovery tests on C3520, C3520PL

and C3520OZ foams are reported in Fig. 4a. As for DMA

analysis results, no evident differences between control and

plasma sterilized specimens can be noticed. Conversely,

C3520OZ specimens show a different behavior: shape

recovery begin at 12�C, reaching a Rr = 98% at 73�C. For

higher temperatures, the recovery decreased, resulting in a

Rr lower than 94% at 100�C.

The recovery of C5520 foams begin near 30�C and at

100�C reaches a value of about 90% (Fig. 4b). In this case,

the behavior of recovery curve for ozone sterilized foams is

similar to both control and plasma sterilized specimens.

However, in this case, also the final Rr was slightly lower

(83 vs. 89%).

Fig. 2 Dynamic Mechanical Analysis of CHEM 3520 control

(C3520), plasma sterilized (C3520PL), and ozone sterilized

(C3520OZ): a Storage Modulus and b Tan delta vs. temperature

Fig. 3 Dynamic Mechanical Analysis of CHEM 5520 control

(C5520), plasma sterilized (C5520PL), and ozone sterilized

(C5520OZ): a Storage Modulus and b Tan delta vs. temperature
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From the analysis of the dRr/dT plots (not shown), both

C3520 and C3520PL specimens showed a maximum near

32�C, while C3520OZ specimens showed a partial maxi-

mum peak around 15�C and a larger peak at 25�C, indi-

cating an irregular behavior during shape recovery.

Similarly, for C5520OZ a temperature downshift of the

dRr/dT maximum peak has been evidenced.

3.2 L929 fibroblast cell interaction tests

3.2.1 Cytotoxicity tests

In vitro cytotoxicity tests were performed on extracts of

DMEM previously in contact with C3520, C3520PL,

C5520, and C5520PL foams. These foams have been

selected to be submitted to in vitro cells tests since HPLC

analysis on ozone sterilized foams showed a release of low

molecular weight products together with a strong modifi-

cation of their color (evident yellowing). Absorbance val-

ues of MTT tests resulted in a no significant difference

(P [ 0.05) between control and plasma sterilized CHEM

foams, at both time points. For this reason, in vitro cyto-

compatibility tests were performed only 3520PL and

5520PL foams.

3.2.2 Cytocompatibility tests

Cytocompatibility of C3520PL and C5520PL results of

foams evaluated by Reduced Alamar Blue test are shown in

Fig. 5 and corresponding SEM micrographs are reported in

Figs. 6 and 7 for C3520PL and C5520PL, respectively.

One day after seeding, both foams and TCP (control)

showed a similar cells viability; after 3 days, a general

increase in the percentage of reduced Alamar Blue can be

noticed, indicating an increased cells activity. After 7 days,

the viability of cells on C5520PL foams has a value almost

four times higher than TCP (control). The values of

reduced Alamar Blue increased significantly, compared to

3 days, also for C3520PL (Fig. 5). These results have been

confirmed by morphological analysis. In Fig. 6, SEM

micrographs at 1, 3 and 7 days on C3520PL are reported:

after 1 day (Fig. 6a) few cells can be observed. After

3 days (Fig. 6b) L929 cells begin to spread and colonize

foam walls, and a homogeneous distribution of cells on the

surface was observed, with a good spreading onto the pore

surfaces after 7 days.

For C5520PL, a behavior similar to C3520PL foams can

be noticed: after 1 day, L929 cells are few. Some cells are

globular, while others started to spread over the surface of

the foams. At the second time point (Fig. 7b), more roun-

ded cells can be observed and after 7 days, pore walls

appeared completely colonized.

4 Discussion

Polyurethanes are versatile polymeric biomaterials that

possess outstanding properties, resulting from their exten-

sive chemico-physical structure diversities. Their bulk and

surface properties can be further modulated, without

affecting their overall properties, to promote specific bio-

logical responses. For instance, suitable drugs, biological

factors and functional moieties can be easily incorporated

Fig. 4 Shape memory behaviour of control, plasma sterilized (PL),

and ozone sterilized (OZ) foams: a C3520 and b C5520 foams

Fig. 5 Alamar Blue test results of in vitro cytocompatibility test on

C3520PL and C5520PL foams: absorbance values vs. time
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in their structure or used for surface functionalization [27].

Such a combination of properties (durability, fatigue

resistance, compliance and biocompatibility) allows the

design and realization of several temporary disposables and

implantable medical devices. Moreover, the development

of novel polyurethane chemical formulations, driven by

bioengineering design challenges, resulted in a spreading

of their applications.

Along this direction, polyurethane-based shape memory

polymers have been proposed by several authors [5, 10,

28]: these materials show the ability to recover large

deformations when exposed to different external stimuli.

Among them, thermally-activated SMPs have several

potentials as biomaterials: body temperature could be, in

fact, used as natural driving force activating the shape

memory behavior. Such an approach makes SMPs ideal

candidates for applications in which a temporary shape has

to be preserved until the device is locally placed in a

specific anatomic site, allowing minimally invasive surgi-

cal procedures to be realized by a naturally activated

mechanism [6, 7, 12]. Shape memory polyurethane foams

could be effectively used, for instance, as occlusive

embolization materials because their shape and dimensions

can be minimized, allowing minimally invasive surgical

procedures. The application of polyurethane foams as

embolization material for occlusive procedures was origi-

nally proposed by prof. Yahia and coworkers [12, 29]. A

similar approach has been also adopted by Maitland and

coworkers [30].

As elucidated by Lendlein and Kelch [5], shape-memory

technology consists of two main components: (i) the

polymer architecture or morphology, that has to fulfil

certain structural requirements depending on envisaged

applications, and (ii) a special processing and programming

technology. Both these points are crucial from a material

science point of view, and become critical when SMPs are

evaluated as biomaterials. In particular, as suggested by

Schoen [31], when developing novel biomaterials and

devices, sterilization issues and requirements should be

considered at earliest stages of development of a product

or material. In this respect, sterilization is not only critical

in preventing infections, but also because the selected

Fig. 6 SEM micrographs of L929 fibroblast cells on Plasma Steril-

ized C3520 foam: a 24 h, b 3 days, and c 7 days (Scale bar 200 lm)
Fig. 7 SEM micrographs of L929 fibroblast cells on Plasma Steril-

ized C5520 foam: a 24 h, b 3 days and c 7 days (Scale bar 200 lm)
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technology could permanently modify the surface chem-

istry or bulk properties of the biomaterial, eventually

resulting in an alteration of implant performances. As far as

the use of shape memory foams as biomaterial is con-

cerned, this aspect appears of particular importance. SMP

foams offer advantageous design tools for innovative

devices in medicine, that should not be affected by the

selection of the sterilization technique.

As discussed in previous works by ours and several

other groups [13, 32, 33], the selection of an appropriate

sterilization technique is affected by a variety of parame-

ters. All these works are aimed both at contributing to the

development of SMPs application in medicine and under-

standing the fundamental response of different classes of

polymers to conventional and innovative sterilization

techniques.

4.1 Effects on chemico-physical properties

Morphological properties of polymer foams depend on

their synthesis or transformation process: in CHEM foams,

porosity is obtained via an appropriate selection of the

blowing agent [17–19]. C3520 and C5520 foams showed a

high porosity, resulting in a low density; moreover, an

overall low pore interconnection has been evidenced, with

similar dimensions and percentage of pores. Plasma and

ozone sterilization processes seem to affect the chemico-

physical properties of both CHEM foams, even if these

properties resulted more severely affected by ozone ster-

ilization, in particular as far as interconnection of pores is

concerned.

For plasma sterilization, the increase in pore intercon-

nection should be explained by the fact that foams have

been exposed to variable pressures during the sterilization

cycle (from atmospheric to 54-67 Pa), vaporized H2O2 (at

54 Pa) and low-temperature plasma (400 W RF power)

[20]. The cycle is repeated several times: pores have hence

been exposed to a negative pressure of approximately

100 kPa, that should have promoted a collapse of thinner

pore walls [33]. Interactions with plasma phase are prob-

ably limited by the plastic wrapping of the samples [20],

whilst the exposure to the chemical agent (H2O2), that

seems to play a major role in this sterilization system [34],

did not affect the surface chemical structure of both CHEM

foams.

Ozone sterilization resulted in a more evident modifi-

cation of the foams morphology. Once again, exposition to

cyclic variations of pressure can be one of the main cause

of pore interconnection increase. This sterilization tech-

nology comprises, in fact, two identical half-cycles, in

which vacuum is drawn in the chamber, followed by a

humidification step and ozone injection in the chamber

[21]. Each cycle is repeated twice, and it is followed by a

final ventilation phase to remove ozone from the chamber.

A concomitant effect has been played by the presence of

ozone, which acts as a strong oxidant for several materials

(O3 ? O2 ? O), in particular for polyurethanes. In fact,

ozone-UV sterilization can cause oxidative attack on ether

soft segments [35]. It is generally accepted that oxygen

centred radicals play an important role as initiators of

poly(ether urethanes) oxidation processes and they result in

the observed loss of surface ether and surface pitting [36].

In both CHEM foams, a surface oxidation has been

observed by ATR-FTIR analysis, evidencing a strong

change in soft/hard segments arrangement, compared to the

control samples. Surface oxidation is visually confirmed by

a strong yellowing of C3520OZ and C5520OZ specimens:

photo-activated (UV photons) oxidation mechanisms for

aromatic polyurethanes involve the scission of urethane

group and oxidation of central methylene group with the

formation of a chromophoric reaction product [37].

Exposing polymeric scaffolds to the combined activity of

both chemical and physical agents can be critical in terms of

resulting modification of material’s properties. In this sense,

a more pronounced effect after ozone sterilization has been

noticed. As this sterilization method appears promising for

a practical hospital use, it could be important to set up a

specific sterilization procedure for polyurethanes.

4.2 Effects on thermo-mechanical properties

A detailed knowledge of molecular mechanisms of the

shape-memory effect and the corresponding structure/

property relationship is necessary to understand their

mutual dependencies with the aim of effectively drive the

design process of novel medical devices. Several authors

proposed the use of SMPs in minimally invasive devices

design [5, 6, 9–12, 30], as challenging problems correlated

to this medical practice should be overcome by the use of

this class of materials. The driving idea of using SMPs in

less invasive devices is to exploit their ability of having a

primary permanent shape that can be recovered from a

temporary, smaller one. In thermally activated SMPs, this

process is obtained by imposing an external gradient of

temperature and a controllable recovery of the primary

shape can be hence promoted.

In this work, both C3520 and C5520 foams showed

good thermo-mechanical properties, with different transi-

tion temperatures. Even if small differences in terms of

recovery behaviour has been noticed, as we discussed in a

previous work [33], the differences in glass transition

temperature affect their selection for medical applications

because, at body temperature, the recovery will be differ-

ent. Differences in glass transition and melting tempera-

tures between the two foams can be correlated to different

stoichiometric hard and soft segments ratios [5, 19, 38–40]
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in polyurethanes. In fact, isocyanate, polyol and chain

extender stochiometry and composition, their relative ratios

and polymer process result in a different microstructure.

Plasma sterilization did not seem to affect both thermo-

mechanical and shape recovery properties: this result can

be considered as a further assessment of the negligible

effect of this sterilization on the chemical bulk properties,

as previously discussed. Ozone sterilization resulted

mainly in a decrease of glass transition temperatures, that

affected the shape recovery behaviour as well (effect being

more evident in C3520OZ). The different behaviour for

CHEM foams after ozone sterilization is strongly related to

the increase in phase separation observed by ATR-FTIR

analysis. Thermo-mechanical modifications, that have a

direct consequence on the shape recovery behaviour, can

be both explained by a chemical modification of the

materials, as evidenced in the previous section and an

alteration of the pore interconnection. The mechanism of

linear elasticity, in fact, is strongly influenced on whether

the porosity of cellular material is open or closed [41].

4.3 Effects on in vitro cells response

Sterilisation treatments have been proved to adversely

affect material properties [13, 16, 20]: any such changes

must be fully characterised and accounted for devices

being used in applications in which material/cell interac-

tions will take place. Sterilization-induced alterations are

generally considered detrimental to the final product in

terms of bulk and/or surface properties. However, they may

give rise to potentially beneficial changes at a cellular

level, with respect to cell/surface interactions [35].

In this work, we investigated both in vitro cytotoxicity

and cytocompatibility performances of CHEM foams with

L929 cells: biochemical assay confirmed that this material

hold a potential for biological tissue interaction with soft

tissues. HPLC analysis performed on the extracts showed a

low molecular weight products release for both C3520OZ

and C5520OZ, confirming an effect on bulk properties

induced by this sterilization. For this main reason we

decided to no further biologically characterize ozone ster-

ilized foams. Cell proliferation tests, moreover, were con-

ducted only on plasma sterilized foams: if compared with

our previously published results [33], material results non

cytotoxic and well cytocompatible.

These results are slight different from those obtained in

previous published works on different SMPs [13, 32].

Rickert et al. found an increase cell lysis in plasma-steril-

ized polymer samples after 4 weeks of incubation in MEM,

and they provided a possible alteration of the hydrolytic

stability combined with an increase in released oligomers

as an explanation of this behaviour. In fact, the role played

by oligomer alteration and the surface oxidation induced by

plasma sterilization is still not enough clear, even if some

studies have been carried out on this subject [16].

Yackacki et al. [13] have submitted acrylate-based SMP

networks to a variety of sterilization techniques over a

broad range of temperatures and methods to choose the

optimal conditions. Plasma sterilization (LTP in Yackacki

article) was the only method to elicit a severe cytotoxic

response, even at short cell test timepoints. Authors

explained these results stating that the H2O2 vapor phase,

that is prevalently responsible for the sterilization in Ster-

rad systems according to [34], has an affinity toward cer-

tain acrylate-based polymers, which can lead to a high

enough level of residues and functional groups at the sur-

face to generate a cytotoxic response. Moreover, H2O2

molecules react during the plasma process forming ultra-

violet photons and hydroxyl radicals (�OH), that graft to

and oxidize the surface of the acrylate-based SMP net-

works [13].

The good preliminary cellular results obtained in this

study, compared to the aforementioned works, could be

explained according to some main differences due to: (i)

different polymeric systems and their consequent different

response to the chemico-physical environment generated

during the plasma sterilization, (ii) the morphological dif-

ferences and, (iii) time points selected for testing the cy-

tocompatibility and cytotoxicity.

For all these reasons, it is very important to select the

appropriate sterilization method for each type of material,

as each polymer has a different structure and components

that could be degraded by the sterilizing agent involved in

the process.

5 Conclusions

In this work, effects induced by two innovative sterilization

techniques on thermally-activated shape memory polymer

foams have been investigated, namely plasma and ozone

sterilization. Physico-chemical, thermo-mechanical and in

vitro cells interaction properties have been evaluated in

order to understand the key parameters of this class of

cellular solids as possible materials for novel medical

device design. Surface morphology has been modified by

both sterilization methods, with a more evident increase in

pore interconnection for ozone sterilization; such a tech-

nique affected in a significant way the chemical structure as

well. Thermo-mechanical tests for both CHEM 3520 and

5520 showed a high shape recovery, activated at different

Ttrans, depending on the stochiometric ratio of the foams:

both chemical and morphological changes induced by

ozone sterilization affected the shape recovery behaviour

of this material.
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Despite the specific aspects of this work, our results

contribute to clarify that the material/device/sterilization

have to be taken into account together when innovations in

each component of this trio are proposed. These effects

should be not necessarily negative: in our case, for

instance, plasma sterilization effects have shown interest-

ing results. A slight increase in volume percentage of open

cells and the surface modification appear to be a positive

factor for the cell colonization, overcoming, for instance,

the lack of pore interconnection observed on untreated

foams.

Finally, the comparison of the results obtained in this

work with previous published researches open new chal-

lenges in understanding not only the overall effects of

specific sterilization techniques on different shape memory

polymers, but also the role of sterilization-induced degra-

dation mechanisms on biological interactions with polymer

scaffolds. It is evident that more specific and advanced

studies should be carried on, with the aim of contributing to

both a correct selection and design of novel biomaterials,

for the advanced medical applications requested by the

more complex clinical demand.
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