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1 Introduction

Among the candidate materials for the fabrication of
scaffolds for tissue regeneration, polyurethanes (PUs), with
a broad range of chemical and physical characteristics,
occupy an important position [1, 2]. Thanks to their ex-
cellent biocompatibility and blood compatibility, seg-
mented thermoplastic PUs have been used since the 1960s
for the production of biomedical implants, such as cathe-
ters, heart valves and vascular prostheses [3]. In tissue
engineering (TE), PUs are of particular interest as they can
be easily fabricated in porous structures and produced with
stiff and/or elastomeric properties according to the specific
functions they are designed for [4, 5]. Therefore, in the last
years increasing attention was paid to porous PU structures,
in particular for bone [4-8] and cartilage [9-11] regen-
eration, produced with different fabrication techniques [4].
During the last 10 years we set up a gas foaming process to
prepare crosslinked PU foams with slow degradation rate
and with a controlled range of pore size, open porosity and
mechanical properties [12, 13]. PU foams with different
hydrophilicity and calcium-phosphate loaded composites
were also developed and characterized [14]. The in vitro
cytocompatibility of the proposed PU foams was assessed
using Saos-2 and MG63 cell lines [13, 15, 16], and mes-
enchymal stem cells (MSCs) isolated from human bone
marrow [16] and from human term placenta [17].

As for any other biomedical device, sterilization of scaf-
folds is required to avoid risks of infection after in vivo im-
plantation, but the sterilization treatment may adversely
affect material properties [18]. Hence, it is important that the
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Table 1 Components in the

polyol mixture and their main
properties

Component Functionality OH number (mgKOH/g) MW (Da)
Desmophen® 10WF18 (Bayer) 2.7 27.6 5500
Desmophen 7619 W (Bayer) X3 128.8 -
Desmophen® 4051B (Bayer) ~4 467.4 480
Butandiol (Sigma-Aldrich) 2 1245.0 -
Ethylene glycol (EG, Sigma-Aldrich) 2 1810.0 -
Potassium acetate in EG - 1810.0 -
DABCO 33-LV (air products) - 560.0 -

applied sterilization method does not adversely modify che-
mical and mechanical properties, as well as functionality and
biocompatibility. In fact, given the nature of their action, the
sterilization agent used in the different sterilization proce-
dures can attack the polymer structure resulting in hydrolysis,
oxidation, melting, chain scission and depolymerization [19,
20]. Focusing on PUs, different studies in the scientific lit-
erature showed that the sterilization method, both traditional
(e.g. steam, ethylene oxide, and vy irradiation) and advanced
(plasma and ozone), can modify the PU bulk and surface
properties and alter their physico-chemical stability [19-24].
The majority of works reported in literature have been mostly
based on the analysis of bulk materials, however the effects of
sterilization could be different depending on the device
morphology, being even more significant on porous struc-
tures compared to compact ones. Hence, the evaluation of the
effects of sterilization on porous scaffolds is mandatory for
their possible use in clinical practice. Despite this need, the
scientific literature lacks in works focused on this aspect. PU
porous structures have been sterilized by different methods,
such as low temperature cycle ethylene oxide (EtOx) [1, 25—
31], UV irradiation [27], vy irradiation [21, 32, 33], low-tem-
perature plasma with vapour phase hydrogen peroxide [23,
34, 35] and ozone [34]. Plasma and ozone sterilization, for
instance, are currently used to decontaminate disposables and
biomedical devices; compared to the traditional techniques,
they are easy, fast, cold and low-cost, with no toxic residuals
to be eliminated [18, 23, 34, 36].

In particular, De Nardo et al. [23, 34] studied the
modifications induced by plasma and ozone sterilization on
shape memory polyurethane (SMP) foams, Haugen et al. [21,
32] assessed the effects of v irradiation dose on the properties
of polyether—urethane scaffolds, while Andrews et al. [27]
evaluated surface topography and in vitro cytocompatibility
of Tecoflex® SG-80A polyurethane electrospun scaffolds
after ethylene oxide and UV-ozone sterilization.

In this work, polyurethane foams synthesized by gas
foaming were sterilized with two advanced sterilization
techniques, plasma (Sterrad® method, Advanced Steril-
ization Products, Johnson & Johnson) and ozone (125L
Ozone Sterilizer, TSO3), investigating then any modifica-
tions of their morphological, chemico-physical and

mechanical properties. Possible release of low molecular
weight products, impairing PU foam cell interaction, was
evaluated by in vitro indirect cytotoxicity tests.

2 Materials and methods
2.1 PU foam synthesis

A PU foam was synthesized with a previously described
one step bulk polymerization method [13, 16, 17], using
water as expanding agent and iron—acetylacetonate (FeAA)
as catalyst. Briefly, the polyol mixture was ad hoc prepared
using the reagents listed in Table 1.

FeAA (0.001 % w/wpoyo1), distilled water (2 % w/Wpoly-
o) and the appropriate amount of isocyanate (stoichiometric
ratio of OH/NCO = 100/73), methylene diphenyl diiso-
cyanate prepolymer (Desmodur® PF, Bayer, Germany;
—NCO = 23.0 + 0.5 %) were added to the polyol mixture
and mixed with a mechanical stirrer. The reaction mixture
was stirred for 60 s and then poured into a custom-made
poly(methylmethacrylate) mold (V = 500 cm®). The mold
was firmly closed by the use of screws, and the expanding
reaction was allowed to take place at room temperature (RT)
[12, 13]. The foam was extracted from the mold after 72 h
and the superficial compact skin was removed to obtain a
homogeneous porous structure. Finally, the foam was post-
cured at RT for 7 days. The synthesized PU foam was pu-
rified by a 48 h immersion in absolute ethanol at RT, and
subsequently carefully dried in air at RT before
characterization.

2.2 PU foam sterilization

Specimens of the PU foam were subjected either to plasma
(pl) or ozone (oz) sterilization. Foam specimens
(@ = 6 mm, h = 4 mm) underwent plasma sterilization by
Sterrad® system (100S, Advanced Sterilization Products,
Johnson & Johnson) according to the standard manufac-
turer procedures and clinical practice (IRCCS Istituto
Nazionale per lo Studio e la Cura dei Tumori, Milano,
Italy). Briefly, a 400 W radio-frequency power (RF,



13.56 MHz) is applied at a pressure of 500 mTorr, after
injection of vaporized hydrogen peroxide (H,0,, 2 mg/L),
to generate the plasma phase. H,O, produces destructive
hydroxyl free radicals which can attack membrane lipids,
DNA and other essential cell components with inactivation
of microorganisms, depending on sterilization parameters
(e.g., time, temperature and H,O, concentration) [19]. The
overall plasma sterilization cycle lasts about 55 min, and
occurs at temperature between 45 and 55 °C. The by-
products of the process are water and oxygen, that do not
need for aeration or ventilation, and hydrogen peroxide
residuals are non-toxic and non-carcinogenic [18, 34].

Ozone sterilization was performed by using a TSO;
system (125L, TSO; Inc. Québec, QC, Canada) at the In-
stitut de Cardiologie de Montréal (Montréal, QC, Canada).
In this system, medical grade oxygen is released into the
ozone-generating unit and then subjected to an electrical
field, which converts oxygen into ozone. Ozone is then fed
into a humidified sterilization chamber and is subsequently
reverted into oxygen using an ozone converting catalyst.
The residues at the end of the sterilization cycle are oxygen
and clean water vapor [37]. The process lasts about 4 h
30 min, at a temperature between 31 and 36 °C.

2.3 Morphological characterization
2.3.1 Scanning electron microscopy observation

The morphology of non sterilized (ns), plasma (pl) and
ozone (o0z) sterilized specimens (@ = 6 mm, h = 4 mm)
was investigated by Scanning Electron Microscope (SEM
EVOS50EP, Zeiss) at 15-18 kV and working distance
7.5-12 mm. The samples were mounted on aluminum
stubs, lined with carbon pads and gold sputter-coated
(Sputter Coater S150B, Edwards) before SEM observation.
The images were acquired at 30 and x 100 magnification.

2.3.2 Micro computed tomography

Porosity, average pores size, pores size distribution and
pores interconnection were evaluated by micro computed
tomography (micro CT) analysis using a 1172 micro CT
imaging system (Skyscan, Aartselaar, Belgium) at 4 pm
voxel resolution, 173 pA X-ray tube current, and 60 kV
voltage without any filters. The specimens (n = 3;
@ = 6 mm, h = 4 mm) were rotated through 180° around
the long axis of the sample, with a rotation of 0.4°. The
projection radiographs of the sample were reconstructed to
serial coronal-oriented tomograms using a 3D cone beam
reconstruction algorithm, setting the beam hardening to
20 % and the ring artifact reduction to 12. Tridimensional
reconstruction of the internal pore morphology was carried
out using axial bitmap images and analyzed by CTan

software (Skyscan, Aartselaar, Belgium). The grey scale
threshold was set between 55 and 230, removing all objects
smaller than 400 voxels and not connected to the 3D
model. To eliminate potential edge effects, the cylindrical
volume of interest (VOI) was selected in the center of the
specimen (@ = 2.5 mm, h = 2 mm). Scaffold porosity
was then calculated as:

Porosity = 100 % — vol% of binarised object

1
(scaffold material) in VOI m

The mean pore diameter distribution was determined by
measuring the material thickness on the inverse model, gen-
erated by setting the grey scale threshold between 0 and 45. All
images underwent a 3D analysis, following a “shrink-wrap”
function, which allowed measuring in a specimen the fraction
of the pore volume that was accessible from the outside
through openings of a certain minimum size [38]. A shrink—
wrap process was performed between two 3D measurements
to shrink the outside boundary of the VOI in a scaffold through
any openings whose size is equal to or larger than a threshold
value. Interconnectivity was calculated as follows:

V - Vv rink—wr
LT Vshrink—wrap 10 (2)

Interconnectivity = VoV
— Vm

where V is the total volume of the VOI, Vi ik vrqp is the
VOI volume after shrink-wrap processing, and V,, is the
volume of the sample material. The interconnective pore
size is hereby called “cut-off pore diameter”.

2.4 Physical characterization
2.4.1 Density

Density analyses were performed on s, pl and oz speci-
mens (n =5; @ = 15 mm, h = 10 mm). Foam density
was evaluated according to EN ISO 845 standard practice,
by weighing and measuring the specimens after condi-
tioning for 24 h at 25 °C.

2.4.2 Water uptake

Water uptake tests were performed on ns, pl and oz spe-
cimens (n = 3; @ = 15 mm, h = 10 mm). Dried samples
were immersed in deionized water at 37 °C; at each time-
point (0.5, 2, 6, 24, 96 and 240 h) specimens were drawn
from the water, wiped with filter paper to remove liquid in
excess, and weighed. The water uptake (W.U. %) was
calculated according to the formula (3):

W, — Wy
0

W.U.% = x 100 (3)

where W, is the dry weight and W, is the wet weight at the
time-point .



2.5 Chemical characterization

FT-IR analysis (Nicolet FT-IR 6700, Thermo Electron
Corporation) was performed in the ATR mode, using an
ATR Single Bounce accessory and a ZnSe crystal. The
analyses were performed on ns, pl and oz specimens to
evaluate possible structural modifications induced by the
sterilization treatments. Three different points were chosen
for each sample (1-3 mm thick) to verify the homogeneity
of possible chemical modifications occurring upon steril-
ization. Peak height analysis was performed on the ab-
sorption bands listed in Table 2, corresponding to the
characteristic absorption frequencies of PU soft and hard
segments, according to the literature [39-41]. All the
considered characteristic bands were normalized to the
1597 cm™! band of the stretching absorption of aromatic
(C=C), which was considered to be the internal reference,
assuming that the aromatic rings of methylene diphenyl
diisocyanate in the hard segments are not affected by
degradation [42, 43]. Hydrogen-bonded and free carbonyl
bands of urethane groups were determined by peak de-
convolution of the 1780-1680 cm™' region using the Peak
Fitting Module® of Origin® v.8.5 (OriginLab®) software.

2.6 Mechanical characterization

To evaluate the possible influence of the sterilization pro-
cess on the compressive properties of the PU foam, me-
chanical tests were carried out on ns, p/ and oz samples
(n=3; @ = 15 mm, h = 10 mm) according to the stan-
dard practice UNI 6350-38. Uniaxial mechanical tests were
performed with an Instron model 4200 instrument, at a
crosshead rate of 1 mm/min, with 1 N preload, in wet
condition, i.e. by maintaining the specimens in distilled
water at 37 °C for all the test time in a home-made ther-
mostatic chamber. In addition, the specimens were previ-
ously soaked in distilled water up to the plateau value of
their water uptake. One hysteresis cycle was performed for
each sample: the compressive load was applied up to 50 %
deformation and then removed to 0 % deformation. Tan-
gent modulus (E), collapse modulus (m), stress and strain
at the yield point (o', €'), stress at 10 % deformation
(010 %) and at 50 % deformation (G5 ¢) and the hysteresis
area, related to energy dispersion, were drawn from the

stress—strain curve elaboration. Figure 1 shows a repre-
sentative stress—strain curve of a PU foam, and the me-
chanical parameters obtained by the analysis.

2.7 In vitro cytotoxicity test

The possible release of low molecular weight cytotoxic
substances from the PU foam after sterilization was inves-
tigated by indirect cytotoxicity tests on ns, pl and oz speci-
mens (n=3; @=6mm, h=4mm). The in vitro
cytotoxicity of the extracts was assessed using the MG63
human osteosarcoma cells line (ECACC No. 86051601).
Extracts were obtained according to the standard practice
UNI EN ISO 10993-5. PU ns samples were disinfected in
70 % v/v ethanol solution for 30 min, carefully washed with
sterile water, and then exposed to UV light (10 min for each
side, A = 254 nm). Three specimens for each sample type
(i.e., ns, pl and oz specimens) were immersed in Eagle’s
minimum essential medium (EMEM) additioned with 10 %
fetal bovine serum (FBS) and 1 % penicillin/streptomycin,
with a ratio material/medium of 0.04 cm® x ml™". After 3
and 7 days of incubation, the medium extracts were put in
contact with MG63 cells (cell density = 1 x 10° cells/well)
in a 48-well tissue culture plate (TCPS) up to 48 h. Cells
cultured in EMEM on TCPS were used as control. Cell
viability was assessed using Alamar Blue™ (Serotec) col-
orimetric assay. After 48 h, the culture medium was replaced
with 500 pl Alamar Blue™ solution (10 % v/v in culture
medium) and the plate incubated for 4 h. Alamar Blue is a
redox indicator, i.e. it responds to reduction or oxidation of
the surrounding medium. In this assay it both fluoresces and
changes color in response to the chemical reduction of cul-
ture medium that results from cell growth and proliferation.
For each specimen, three replicates (100 pl each) of the
medium were removed from each well, transferred to a 96
well plate and the absorbance measured using a Tecan Ge-
nius Plus plate reader (test wavelength: 570 nm; reference
wavelength: 630 nm). Measured absorbance was expressed
as relative ratio over control cells on TCPS.

2.8 Statistical analysis

Statistical analysis (Origin 7.0 software) was performed
using a t test (Student test), with significance level

Table 2 Considered bands for

j ’ Wavenumbers (cm ™)
peak height IR analysis of the

Assignments

PU foams 3317-07

1730
1703
1597
1100

v(N-H), H bonded

v(C=0), non-H-bonded carbonyl from urethane
v(C=0), H-bonded carbonyl from urethane
v(C=C), benzene ring

v(C-0-C), ether
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P = 0.05. Normal distribution was verified by normal
probability plots.

3 Results
3.1 Morphological characterization

The morphology of the non sterilized and sterilized samples
observed by SEM is shown in Fig. 2 (representative images).
All the specimens presented homogeneous morphology with
regular round-shaped pore size and distribution. Compared
to the ns samples (Fig. 2a), a modification of the morphology
of the foam was observed after sterilization (Fig. 2b—c). In
particular, by observing SEM images, the ozone sterilization
process (Fig. 2c) appeared to cause an increase of pore in-
terconnection, as more pore channels were qualitatively
detected than in ns and p/ samples.

The morphological characterization carried out by micro
CT partially confirmed the results obtained by SEM. The
open porosity seems not to be affected by plasma and ozone
sterilization, as no significant differences (P > 0.05) were
detected among ns, pl and oz samples (Table 3). On the
contrary, the average pores size significantly decreased
(P < 0.05) after ozone sterilization, varying from 310 pm for
ns specimens to 222 um for oz ones (Table 3). Plasma ster-
ilization had no influence (P > 0.05) on the average pore size.

Micro CT analysis also highlighted the effect of ozone
sterilization on the average pore size distribution (Fig. 3a).
Although plasma sterilization did not alter the average pore
size distribution, showing a similar trend for pore size dis-
tribution curves of ns and pl specimens, ozone sterilization
lead to the formation of new small pores, as suggested by the
peak at about 150 pm, not detectable for ns and pl specimens.

No difference in pore interconnection was detected between
the non sterilized foam and the specimens undergone plasma
and ozone sterilization (Fig. 3b), as the pattern of accessible
porosity as a function of cut off diameter for the three samples
showed the same trend. Pore interconnection, in terms of ac-
cessible porosity, was about 50 % for the cut off diameter of
30 pm. In other words, considering pores with diameter
<30 um, the 50 % of the void volume (i.e. pore volume) was
accessible and interconnected to the surface of the specimens.

3.2 Physical characterization

Both plasma and ozone sterilization treatments did not
affect the foam density (Table 3) of the PU foam samples,
as the differences among them were not statistically sig-
nificant (P > 0.05).

Comparing the water uptake values of ns with pl speci-
mens, no significant differences (P > 0.05) were observed
for all the considered time points, except for 96 h of im-
mersion. On the contrary, if compared to ns and pl speci-
mens, significantly higher values of W.U. % (P < 0.05)
were detected for oz samples for all the considered time
points (Fig. 4). This result can be related to an increase of
material hydrophilicity after ozone treatment, probably due
to surface oxidation of the polyurethane structure and to the
variation in pore size distribution detected by micro-CT.

3.3 Infrared characterization

Figure 5 shows the IR spectra in the range 4000-600 cm ™"
(Fig. 5a) and 2000-1300 cm ™" (Fig. 5b) for ns, pl and oz
PU foam specimens. On the whole, some differences be-
fore and after sterilization treatments were detected. In fact,
after both plasma and ozone sterilization, the peak of the
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Fig. 2 Representative SEM images of the surface morphology of
polyurethane foam samples: ns (a), and pl (b) and oz (c) sterilized.
Scale bar 100 pm

N-H stretching, observed for not sterilized PU foam
(3310 cm_l, Fig. 5a), was not detectable. Furthermore, the oz
spectrum presented in the carbonyl group region (at about
1780 cm™") a peak not observed in the spectra of the other
samples, and did not show the CH, bending peak (1455 cm™ 1,
Fig. 5b).

To investigate possible change in phase separation onto
the PU foam samples after sterilization, a height analysis
of selected peaks (Table 2) was performed to provide a
useful comparison among the effects of the two steril-
ization methods. In fact, ATR-FTIR is particularly useful
to detect phase separation onto the surface of PU samples,
as well as modification or formation of new chemical
bonds by a degradation process. The obtained height ra-
tios and their percent variations after plasma and ozone
sterilization are reported in Table 4. After plasma treat-
ment, the peak height ratios related to hard segments
(3310, 1730, and 1703 cm™") showed a noticeable de-
crease (—76 % for N-H stretching and —74 % for non-
hydrogen bonded carbonyls) and a slight decrease (—4 %)
for the ratio related to free urethane carbonyls. Because
the ratio between non-hydrogen-bonded and free urethane
carbonyls changed hardly in respect to the control (i.e.,
Hy730/H1703 = +324 %), it can be assumed a greater
phase separation on these samples, with a rearrangement
of hydrogen bonds, confirmed also by the high increase of
soft segments (4134 % for ether bonds). The ozone
sterilization caused a noticeable change in all the con-
sidered peak ratios, related either to hard and soft seg-
ments. The great increase of both H-bonded NH and
urethane carbonyls, the simultaneous increase of hydro-
gen-bonded carbonyls and the absence of some peaks
observed in the IR spectrum of the not sterilized foam
(i.e. CH, bending at 1455 cm™ '), indicate that the mate-
rial degradation after ozone sterilization was homoge-
neous in its domain structure.

3.4 Mechanical characterization

Figure 6 shows representative hysteresis cycle curves of
ns, pl and oz specimens obtained by uniaxial compressive
tests, in wet conditions.

The o/¢ curves qualitatively follow the same trend, but
for the ozone sterilized PU foam differences in the collapse
part of the curve and in the maximum stress value (i.e.
stress at 50 % deformation) can be observed. This was
quantitatively verified by the analysis of the considered
compressive mechanical parameters (Table 5).

By the fact, the compressive mechanical characteriza-
tion performed in wet conditions on the sterilized samples
showed mechanical parameters similar (P > 0.05) to
those reported for not sterilized ones, except for the value
of m and o5y ¢ of oz, that are significatively lower
(P < 0.05) than the values shown by ns and pl specimens.
This result may be related to the higher porosity and
water uptake detected after ozone sterilization, that can
influence the collapse modulus (m) and the maximum
stress value (Osg ¢). In addition, the values of the
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Fig. 5 a ATR-FT-IR spectra of
the not sterilized (ns), plasma
(pl) and ozone (0z) sterilized PU
foam in the range

4000-600 cm™'; b ATR-FT-IR
spectra insight of image a, in the
range 2000-1300 cm ™" (the
peaks not observed in all the
spectra are highlighted)

Table 4 Results of ATR-FTIR
peak height analysis (in
brackets: percentage variations
versus reference peak of the
control unsterilized foam)

Fig. 6 Representative stress—
strain curves of ns, p/ and oz
sterilized specimens
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Table 5 Compressive mechanical properties of ns, p/ and oz samples

Sample E (MPa) m (MPa) o190 9 (MPa) o’ (MPa) ¢ (mm/mm) Os0 ¢ (MPa) Hysteresis area (J cm™3)
ns 2.04 £ 0.05 0.17 £ 0.01 0.14 £ 0.01 0.16 £ 0.01 0.11 £ 0.01 0.270 £ 0.001 0.066 £ 0.001
pl 2.06 £ 0.15 0.18 £ 0.06 0.15 £+ 0.01 0.17 £ 0.01 0.11 £ 0.01 0.280 £ 0.002 0.073 £ 0.003
0z 1.85 + 0.59 0.04 £+ 0.02 0.13 £ 0.03 0.17 £+ 0.01 0.12 + 0.04 0.220 £ 0.010 0.062 £ 0.002

hysteresis area are significantly different (P < 0.05) after
the sterilization, both with plasma and ozone. In par-
ticular, oz samples showed also a significantly lower
(P < 0.05) hysteresis area than pl ones, related to the
decrease of the Gsq ¢ value.

3.5 In vitro cytotoxicity test

In vitro cytotoxicity test was performed on EMEM extracts
previously put in contact with ns, pl and oz samples for 3
and 7 days. Figure 7 shows the absorbance values of
Alamar Blue reduced by MG63 cells cultured in the pres-
ence of material extracts.

The values of reduced Alamar Blue indicated a good
MG®63 cell viability for cells cultured in contact with the ex-
tracts at both time points (3 and 7 days). Considering the
3 days eluates, a significant difference (P < 0.05) was ob-
served only for oz vs. ns samples. In the case of the 7 days
eluates, significant differences (P < 0.05) were detected be-
tween both pl and oz samples and not sterilized ones; a lower
value of reduced Alamar Blue was observed for plasma ster-
ilized samples, although this value (about 70 %) was still
associated to a good cell viability. The average values of re-
duced Alamar Blue for the 3 days eluates were in general
higher if compared to the values obtained for the 7 days elu-
ates for all the considered samples, however this difference
was statistically significant (P < 0.05) only for plasma-ster-
ilized samples, due to the cell viability decrease at 7 days.

Fig. 7 Values of Alamar Blue *

4 Discussion

Plasma and ozone sterilizations are recent technologies that
could overcome the limitations of the sterilization methods
traditionally used in the clinical practice for biomedical
devices (e.g. ethylene oxide and 7y rays). The operating
conditions of these techniques, primarily the low tem-
perature and the absence of toxic residuals, make them ap-
pealing for the use with polymeric materials. Furthermore,
their non-toxic by-products (i.e. water and oxygen) make
these techniques safe for operators and allow the immediate
use of the device after sterilization, without the degassing
period required, for example, after EtOx sterilization. It has
to be noticed that the degassing phase could be extremely
long for porous materials (i.e. up to 14 days) to assure the
complete removal of the gas, then delaying their use.
Despite the great advantages of these techniques, the
highly reactive sterilizing agent (in particular ozone) can
cause serious modifications on the materials properties [44].
Therefore, a careful morphological, chemico-physical, me-
chanical and biological characterization of the materials
after the sterilization process is mandatory. In addition, the
effects of a specific sterilization technique can be completely
different on compact materials (i.e. films) with respect to
porous structures, that present a much larger surface area/
volume ratio exposed to the sterilizer agent. This aspect,
slightly discussed in the scientific literature, is particularly
relevant for scaffold to be used in tissue engineering.
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4.1 Effects on morphological properties

The results obtained by micro CT and the qualitative SEM
observations indicate that plasma sterilization does not
significantly affect the morphological properties of the PU
foam. On the contrary, the ozone sterilization causes the
formation of new small pores, with diameter in the range
100-150 pm (about +10 % if compared to not sterilized or
plasma sterilized foam), thus leading to a decrease of the
average pore size. The newly-formed pores do not increase
the overall pore interconnection, as shown by open porosity
values and pores interconnection trends, since they do not
affect microporosity (up to 40 pum), that is mainly related
to the presence of channels and interconnections between
adjacent pores. Other studies [23, 34] analyzed the effects
of plasma and ozone sterilization on shape memory poly-
urethane foams, observing an increase of open porosity
after both sterilization procedures, due to the low pressure
(i.e. 54-67 Pa) reached during the sterilization process
[36]. On the contrary, the PU foam tested in the present
work, having a higher value of open porosity (more than
85 %) compared to the SMP foams (21-59 %) [23], was
less affected by the low pressure level of the sterilization
cycle. In addition, the PU foam studied in this work pre-
sents a cross-linked structure that can be more resistant
than the not cross-linked SMP foams to the effect of the
low pressure applied during the sterilization cycle.

4.2 Effects on chemico-physical properties

The results obtained by ATR-FT-IR characterization after
sterilization indicate, in agreement with the scientific lit-
erature [34, 36, 45], a degradation of the polyurethane foam,
strongly affecting the IR bands related to ether peak [42].
The ozone sterilization affects also the absorption bands
related to the carbonyl group, thus indicating phase separa-
tion and rearrangement of the hydrogen bonds at the surface.
This effect is related to the high reactivity and oxidative
property of the sterilizing agents used in plasma and ozone
sterilization, i.e. hydrogen peroxide and ozone. In particular,
the latter is a very reactive compound that can strongly react
with the functional group present in the polyurethane
structure, causing the formation of OH and radical groups
and oxidative attack on the soft segments [27, 34]. Fur-
thermore, hydroxyl radicals act as initiators of the poly(ether
urethanes) oxidation process, causing surface pitting [46]. In
the research work of Andrews et al. [27] electrospun Te-
coflex® scaffolds were sterilized by UV-plasma sterilization,
treating each side of the mat with UV-induced ozone for
20 s by the use of a UV-ozone sterilization unit. The
oxidation of the material observed after the sterilization
process was related to the decrease of surface roughness
detected by atomic force microscopy [27].

Surface oxidation of the tested PU foam after steriliza-
tion was also visually confirmed by a strong yellowing of
the samples, more pronounced after ozone sterilization.
The oxidation of the sterilized PU foam, by ozone in par-
ticular, is confirmed also by the water uptake kinetics,
where the modifications of the surface chemistry lead to an
increase in PU foam hydrophilicity [36] due to material
oxidation, thus increasing the water uptake value.

4.3 Effects on mechanical properties

The proposed PU foam combines an optimal morpho-
logical structure (i.e. high open porosity and interconnec-
tion) with good mechanical compressive properties in wet
condition, if compared to other PU porous structures pro-
posed as scaffolds for tissue engineering [1, 5].

The effects of sterilization on PU foam mechanical
properties were not so marked as detected in case of the
chemico-physical properties, especially for plasma steriliza-
tion. Considering ozone sterilization, the strong influence on
the PU foam chemico-physical properties can be related to
the significant decrease of collapse modulus and maximum
stress values with respect to the not sterilized specimens.
Therefore, the modification of the mechanical properties
after ozone sterilization is imputable to a combined effect of
material oxidation and degradation together with the pres-
ence of newly formed pores, that can lead to a decrease of the
compressive strength of the material. In fact, the degradation
caused by ozone can affect not only the foam surface,
causing phase separation and rearrangement of the hydrogen
bonds, but it modifies in some extent the bulk properties of
the materials (i.e. mechanical properties). In addition, the
surface exposed to sterilization in a porous structure is sig-
nificantly higher than that of a compact structure having the
same size, due to the presence of the pores. Therefore, the
surface modification occurring after sterilization, in par-
ticular by ozone, can be stronger for the higher surface in
contact with the sterilizing agent. At the same time, the de-
crease of the mechanical properties after ozone sterilization
can be caused also by the synergistic effect of the increased
water uptake, making the foam more flexible.

4.4 Effects on in vitro cytotoxicity

The sterilization process can modify so deeply the surface
and bulk properties of a polymeric material to negatively
influence its cytocompatibility and biocompatibility.

The good in vitro cytocompatibility of the proposed PU
foam was already demonstrated in previous in vitro studies
[13, 15-17]. In this work, we investigated the in vitro cy-
totoxicity of PU foam after sterilization, mainly to evaluate
the possible release of cytotoxic low molecular weight
products due to the sterilization process.



The data obtained by the in vitro cytotoxicity tests
indicate that plasma and ozone sterilization do not evoke
the release of cytotoxic products or cytotoxic effects of the
polyurethane foams, as cell viability values were satisfying
at considered time points. In fact, both at 3 and 7 days after
plasma and ozone sterilization, the reduced Alamar Blue
reached values over 70 %, indicating a good cell viability.
Our results on plasma sterilized PU foam confirm those
obtained by De Nardo et al. [23, 34] on SMP polyurethane
foams sterilized by plasma. In fact, they did not observed
any cytotoxic effects on L.929 murine fibroblast cell line
and, by in vitro cytocompatibility assay, they assessed a
good cell interaction after 7 days of culture. However, the
Authors did not perform direct in vitro tests on SMP
sterilized by ozone, as a release of low molecular weight
products from the ozone sterilized SMP foams was verified
by high performance liquid chromatography [34].

5 Conclusions

In this work we demonstrated that plasma sterilization
(Sterrad® method) can be a valid technique for the steril-
ization of the proposed polyurethane foam as, despite the
modifications in phase separation observed by IR analysis,
it does not cause any alteration in its physico-morpho-
logical and mechanical properties. In the case of ozone
sterilization, a major effect of the sterilizing agent, more
active than hydrogen peroxide, on the material bulk prop-
erties was observed. The formation of new small pores,
together with an increase in material hydrophilicity, was
detected. Even though degradation occurs after steriliza-
tion, both plasma and ozone sterilization did not affect PU
foam in vitro cytotoxicity, as they did not cause the release
of toxic products.

Ozone sterilization, alike Sterrad® method already used
worldwide in several hospitals, appears promising for a
clinical use, although the results obtained in this work
suggest that the setting up of a specific sterilization pro-
tocol, controlling dose and time of exposition, is needed
before its use for sterilizing polyurethane scaffolds and,
overall, porous structures. Furthermore, a complete char-
acterization regarding the in vitro cytocompatibility after
sterilization of the PU foam is required to validate the use
of the two sterilization process here tested.

Studies such as the one here proposed can help in un-
derstanding the effects of sterilization procedures on por-
ous polymeric scaffolds for tissue engineering and,
viceversa, the influence of the scaffold morphology, por-
osity in particular, on the effects of sterilization. Further
researches should be performed to select the optimal ster-
ilization technique for porous scaffolds for advanced ap-
plications in regenerative medicine.
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