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Abstract

Poly(e-caprolactone) foams were prepared, via a batategsy by using supercritical ¢@s foaming agent.
Their porous structure was characterized througttung porosimetry, helium and mercury pycnometry,
scanning electron microscopy (SEM) and X-ray mimnadgraphy observations coupled with image analysis.
The pore size distributions obtained by these aittel techniques show that the pore structure i mo
homogeneous when the foaming process is performeerwa high C@saturation pressure (higher than 250
bars).
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1. Introduction

Porous polymeric materials are very attractive bheedhey show high flexibility for generating moofidgies to
meet specific applications. In particular, poroisdiegradable polymer matrices are widely used amigidical
applications such as tissue engineering and guidgae regeneration [1]. These matrices providsybrary
support for cell seeding and growth. They are atsd to deliver growth factors to the growing celisong
biodegradable polymers, poty¢aprolactone) (PCL) meets all the chemical requinats for tissue engineering
[2]. The techniques reported for generating pof®d& foams include freeze-drying and classical fommi
processes. However, the main drawback of thesaitpaods is that they respectively require organieesds and
chemical blowing agents during their fabricationgesses. Residues of these chemicals left in tiyenpo after
expansion may be harmful to the transplanted cElisrefore, methods using supercritical & CQ) as
foaming agent are often preferred, becausg i€®nown as a chemically inert and non-toxic gdsforeover,
as a result of their compressed state, superdriticds (SCF) are highly suited to the generatdémolymer
foams. Solvent free approaches have thus beenagpmebivherein a polymer is saturated with s @Chigh
pressure, followed by rapid depressurization astamt temperature. These methods take advantabe &rge
depression of the glass transition temperatureddanmany polymers in the presence of soG@hich means
that amorphous polymers may be kept in the visstate at relatively low temperature. In the presesrk, we
explore the preparation and the characterizatiareaf PCL foams prepared by using sc, @®blowing agent.
The same batch process was used in other worksiaidhe comparison of the results [4, 5, 6]. Théaned
foams are made of an isotropic network of porek wipore size distribution that depends on the raxeatal
variables, such as the pressure and temperatgagwhtion, the depressurization profile and thapmsition of
the polymer formulation.

The texture characterization of these highly ponmaserials is a major issue in relation with thgstential
applications. Mercury porosimetry is traditionallyed to characterize this kind of materials. Howeitdas
been shown recently that anisotropic poly(L-laciide:-caprolactone) foams generated by freeze-dryinigishr
under the high pressure required for Hg intrusigrB]. In this work, the reliability of this techque is discussed
when applied to isotropic PCL foams synthesizeéxipansion of polymer using supercritical £@t various
pressures. Additionally, two other complementarg emlependent characterization techniques werdeappl
X-ray microtomography and SEM. X-ray microtomogragoupled with image analysis was used as a non-
destructive alternative method for the 3D charéadéion of the foams pore texture. Indeed, X-ray
microtomography constitutes a promising characiion technique for materials with a high amouninafcro-
and ultra-macropores, as shown lately for alumazafs [9].
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In order to determine the porosity and the pore digtribution of the PCL foams, image analysis pagormed
on 2D images obtained by scanning electron mics¢BEM) at high magnification and 3D images olddin
by X-ray microtomography at low magnification. $tshown that the pore structure of the studied fostnongly
depends on the GQaturation pressure used for the foaming process.

2. Material and methods

PCL used in this study was supplied by SOLVAY (CAB20, Mw ~ 50.000). Before foaming, PCL was
moulded into sheets of 25 mm diameter and 3 mnknieiss at 120°C during 10 min. Basically, foaming wa
processed in three steps. The samples were fitsasad with CQat high pressure and low temperature (40°C)
and then kept under these conditions during 2 hs&guently, C@was slowly released from the autoclave
within 12 min at ambient temperature. The Q@essure of saturation was changed to produciltibgving four
different foams: A1(150 bars), A2 (200 bars), AS@dars) and A4 (300 bars).

The pore size distribution and the total pore vausmere determined by mercury porosimetry (CarlcaEr000).
The Washburn equation [10] was used to calculagtite diameted, in relation to the external pressure, P,
applied to force mercury, a non-wetting liquidoinhe pores. The pore volume was measured in a faagsure
range, from ca. 0.15 up to 2000 bars, corresportdipgpre diameters ranging from 7.5 nm to 150 phe T
apparent specific volum¥,, which is the reverse of the bulk density, was sneed by mercury pychometry.
After placing a foam sample of weight in a pycnometer, it was completely filled with marg and weighed
(wg). Vs was calculated according to the expressigna (wi-wg + We)/Wgpg) Wherew, is the weight of the
pycnometer filled with mercury ang, is the density of mercury (13.5 g émThe specific volume of the solid
foam skeletonys, was measured by helium pycnometry (AccuPyc 133@rdietrics). The foam porosity was
then calculated as= (Vs Ve)/Vs and the specific pore volumg, was obtained from the difference betw&gn
andVg. In order to observe their internal pore structurenfeavere cut with a razor blade. The sections were
mounted on an aluminum stub with a carbon adhesidethen coated with platinum (120 sec, Argon
atmosphere). Scanning electron microscopy (SEM)pea®rmed with a Jeol JISM-840A SEM operating at an
accelerating voltage of 20kV.

The SEM micrographs were digitized on a matrix @24 x 1024 pixels with 256 gray levels. Image asialy
was performed using the software 'Aphelion3.6' fidacis (France). Five images of different areathefsame
foam were analyzed.

Microtomography was performed with the Philips HOME with AEA Tomohawk system. Detailed
information about this device can be found in [Tle X-ray source operated at 72 kV and 0.23 mA Th
detector was a 1024 x 1024 10-bit range. The dpasalution (voxel size) for the different sampless: 0.02 x
0.02 x 0.02 mm for A1, 0.02 x 0.02 x 0.02 mm for, @013 x 0.013 x 0.013 mm for A3 and 0.015 x 0.815
0.015 mm for A4. According to the voxel size, X-mrajcrotomography allows to quantify the pore teztur
corresponding to pore diameters from 13 um upécstimple size. 3D images were obtained by stacksegies
of 2D binary cross section images using ANT (Skyaaftware.

3. Results
3.1. Mercury porosimetry and pycnometry

Results of mercury porosimetry for the four studieams are reported in Fig. la and Table 1. A direc
comparison of the data collected from mercury pyand porosimetry shows that the pore voluvig)
measured by mercury porosimetry is systematicafiglker than the one measured by pycnometry (sekeTab
This discrepancy led us to investigate the relighif the mercury porosimetry technique. The uedémation
of the pore volume measured by mercury porosinmaty have three origins: (a) the contribution ofgzowith
diameter smaller than 7.5 nm is not taken into aotduring mercury porosimetry measurements; (b)
macropores with diameter smaller than 75 pm shrimder the high pressure required for Hg intrusida small
mesopores and (c) ultramacropores with diametgetahan 75 pm are not evaluated because mercury
penetrates before the first measurement is domebglow 0.2 bar).
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Fig 1: (A) Mercury porosimetry measurements and (B) catiwd pore size distribution for the studied saraple
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Table 1. Pycnometry data: Apparent specific volume of thagde (\), pore volume (Y and foam porosityef;
Porosimetry data: pore volume ), volume of mercury () and pore volume at 1 bar £J; Foam porosity
determined by X-ray microtomography;(Equivalent average pore diameter determined f@&EM image
analysis (R

Foam CO, pressure Pycnometry data Mercury porosimetry — X-ray SEM image
(bars) (cm®/g) data (cm*/g) microtomography  analysisdata
s ' & 'pHg ‘Hg ‘res data D eq (mm)
J
Al 150 247 1.60 0.65 0.69 0.75 0.66 0.62 0.19£0.05
A2 200 2.87 2.00 0.70 0.83 1.16 0.78 0.61 0.23£0.08
A3 250 2.83 1.97 0.70 1.43 1.18 1.40 0.60 0.20 £ 0.06
A4 300 296 2.10 0.71 1.82 1.84 1.79 0.60 0.19+£0.04

In order to discriminate between these possihiljtiee following experiments were carried out,\fdnich the
data are reported in Table 1.

1. The pore volumeV,) of a foam sample of known weight is measured bycomgrporosimetry.
2. The pore volume of the same sample afteredsprization at 1 ba¥g) is determined.

3. The sample is weighted after depressurizatidnbar in order to determine the volume of megrcu
entrapped\Vg ).

Should the sample collapse when the mercury pressuaisedyy, would be much smaller thafes SinceVyy,
Vies@ndVpyg are of the same order of magnitude for the stusigedples (see Table 1), we can conclude that the
samples were not shrunk but intruded by Hg. Theegfihe contribution to the total pore volume of gores
larger than 75 pum is responsible for the differelmesveen mercury pycno-and porosimetry. It mustdteced

that the difference between the pore volume meddaye¢hese two methods is maximal for sample A2taed
decreases as the gf@aming pressure increases.

As the accessible pore volume is unchanged dunagnercury porosimetry measurement, Washburn eguati
can be used to calculate the pore size distribukaure Ib presents the cumulative pore sizeibigtion as
measured by mercury porosimetry. For samples Al&hgores larger than ca. 1 um contribute to the po
volume, in particular sample A2 has a larger pare distribution indicating a less homogeneouscstme. For
samples A3 and A4, mainly pores larger than caihQcontribute to the pore volume.

3.2. SEM observationsand image analysis

The influence of the COsaturation pressure on the pore structure of R@mE is shown in Figs. 2a-d. Al foam
is composed of two populations of pores: ultramperes with diameters larger than 1 mm and macrepwith
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diameters ranging between 50 and 500 um (Fig.R2a)the A2 foam, only macropores are present, whose
diameters are spread over a larger range (FigFamglly, for samples A3 and A4 (Figs. 2c, d ), farich the
foaming process was performed under the highests@tration pressures (250 and 300 bars, respiggtiiie
pore structure is rather homogeneous.

In order to quantify these observations, the pae distribution was calculated using image analysthniques.
The used image analysis algorithms are descritssavbere [8] and enable the statistical distributibthe
equivalent diameter of the porBs,to be assessed. For the sake of comparison, adyamores smaller than
500 pm were evaluatede. ultramacropores observed in the Al foam were nosiciered.

For all the samples, a peak is observed irDthglistribution, which varies from 0.15 to 0.21 mm degding on
the CQ saturation pressure, but the shape of the disinibis different according to the foaming conditso
The D, distribution is narrow for foam Al. For foam A2 gldistribution spreads towards large values, which
could result from a lowering of the size of therasthacropores observed in Al. Finally, the distrinitbecomes
narrow again for samples A3 and A4 (Fig. 2e). Thesad is reflected in the evolution of the meaniegjent
diameters and of the standard errors, as presanieable 1.

3.3. X-ray microtomography and image analysis

According to the results obtained from mercury pareetry and pycnometry, it appears that pores tatg 75
pum contribute to the total pore volume. As we shibweeviously [9], X-ray microtomography constitutes
relevant complementary technique to investigatgelgnore sizes, called 'ultra-macropores'. Typiosg<
sections of samples Al and A4 are shown in Figai@db. As the cross-section images present a podrast,
"tophat" and "bottom-hat" filters [12] were appliezbether to enhance the contrast. The procedurgisted in
adding the original image to the tophat-filterechgm, and then subtracting the bottom-hat-filtenedge. Then,
the resulting image was binarised using Otsu's agefh3] (Fig. 3c and d).

With this method, the threshold level is chosemanattically so as to maximize the interclass vamaaed to
minimize the intraclass variance of the thres-hdldiack (pores) and white (polymer) pixels. Finaftpm sets
of 100 binary cross sections, 3D binary imagesachdoam were reconstructed (Fig. 4a, b).

From the 3D processed binary images, the porésitgfined as the fraction of voxels of the objectt thelong
to the pores was measured. It was founddhveds almost constant for all samples (Table 1).

The observation of cross-sections and 3D foamsasaglicates that the polymer matrix Al (Figs. 8d 4a)
presents a small pores structure, in which a smaiber of large pores (diameter > 1 mm) are diggkeiiSor
foam A2, the largest pores have disappeared angotteestructure seems denser. Finally, A3 and Ags(RBb
and 4b) present a compact structure.

As the 3D images of foams present a continuougaher disordered pore structure (Fig. 4) in whidh not
possible to assign to each pore a precise geonaestpndard granulometry measurement cannot bedppl
Then, to quantify the larger pore sizes, we catedlghe opening size distribution [9], which alloassigning a
size to both continuous and individual particleiéff an opening transformation is performed on argimage
with a structuring element (SE) of sizethe image is replaced by the envelope of all SEsribed in its objects.
For the sake of simplicity, spheres of increasemjir. (approximated by octahedra) were used. When andmag
is opened by a sphere whose diameter is smallprthigasmallest features of its objects, it remaimshanged.
As the size of the sphere increased, larger pattembjects are removed by the opening transfooma
Therefore opening can be considered as equivalenphysical sieving process. This procedure wabeapto
the reversed 3D images of the foams, i.e. to then¥es in which pores correspond to white measeirab
voxels and the matrix to black voxels. Figure 4ovghthe volume of the porous netwo@4) normalized by it
initial volume,vs.the size of the sphere. The comparison ofGf¥# distribution for the four foams (Fig. 3c)
indicates that the pore size distribution beconasower and is also shifted towards smaller sizesnhe CQ
pressure of saturation used in the foaming proicessases.
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Fig 2: SEM micrographs for (a) Al, (b) A2, (c) A3 and £d) foams, (e) Pore size distribution obtained B¥S
image analysis
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Fig 3: Tomographic cross section images for (a) A1 andAébfoams and their corresponding binary imagegs (c
and (d)
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4, Discussion

The pore structure is a key characteristic whiclstrbe determined in function of the applicationmast cases
an homogeneous structure is required. Howevehdriieéld of the tissue engineering, foams porasigally
consists in a bimodal pore distribution in whichrgmlarger than 10 um are essential for sustaicetig
infiltration, whereas pores smaller than 10 pm dbate to cell attachment and create a large serdaea for the
growth of tissue layer [1, 2,14,15]. In this wotlke influence of the sc GQaturation pressure during the
foaming process on the pore structure of PCL foams studied. To achieve this goal, four independent
methods were used: mercury porosimetry, heliumraectury pycnometry, SEM, and X-ray microtomography,
these two latter techniques being coupled with inagalysis. The combination of these techniquesvell
extracting information at different scales.
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Fig 4: 3D images reconstruction for foams Al (a) and By (c) Opening pore size distribution of the stadi
foams
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Mercury pycnometry and porosimetry measuremente et performed. As already pointed out [7] pbksi
modifications of the foams pore structure due tohilgh pressure of mercury could occur. For thisoa, a
careful analysis of mercury porosimetry data wasopmed. This analysis shows that the foam dernisihot
modified during the measurement and hence Washdmuration can be applied to determine the pore size
distribution. It has been shown that for samplesfiich the foaming process is performed at the &I@0,
saturation pressures (150 bars and 200 bars)pties farger than 1 pm contribute to the pore volumtereas
for samples prepared at the highest saturatiorspres (200 bars and 250 bars) the lower limit oésize is 10
pm. A comparison between the total pore volumeafifs evaluated by mercury pycnometry and porosity
measurements indicates the existence of pores ldr@e 75 pum. The difference between the pore vetum
measured by these two techniques is maximal fosdingple A2 and then decreases as thgf@ning pressure
increases.

To consider the pores beyond the higher limit ofaagy porosimetry measurements, SEM and X-ray
microtomography observations coupled with imagdyasigmwere performed. It is shown that the poradtire
becomes more and more homogeneous as foaming&@ation pressure increases. It is interestimpte that
this picture agrees with mercury porosimetry pastrithution for pores smaller than 75 pum. Finahe t
ultramacropore density of the more open foams (Ad A2) was determined by X-ray microtomography. The
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main advantage of X-ray microtomography lies imid& destructive character, in opposition with Staslt
requires the cut of the samples. Moreover, thisriegie allows to have access to pore sizes hidpagr T5 um,
the resolution limit of mercury porosimetry. In erdo test the ability of microtomography to chasaize
macro- and ultramacro-porous textures, foaming itimms were selected to obtain pores larger thapmdi.e.
in the resolution range of the used device.

The porosity of foams evaluated using pycnomedyad X-ray microtomography) agrees well (Table 1).
However, the: values increase with the sc €€aturation pressure between 150 and 200 bar andefkel off
for higher saturation pressures, whereagith@ues remain almost constant. This differencebmaattributed to
the combination of those three features: (a) thelution of the X-ray microtomograph is not sufiat to
clearly distinguish the walls from the pores, due lbw thickness of the walls and/ or small poresi In this
case, it is impossible to discriminate betweengitag levels of the those pores and of the polymatrisawhich
results, at this scale, in a single blurred text(bg PCL has a low X-ray attenuation coefficiamhich implies to
work at relatively low energy level. In our expeantal conditions, this leads to a loss of focubibtg and to
worse detector accuracy, (c) as a result of the goality of the images, processing must be peréato
enhance the contrast between pores and walls biefage binarization. As this processing preserssistical
character, some pixels belonging to pores couldomsidered as part of the walls and vice-versaljhggto
some errors in the quantification of total porosity

Image analysis of SEM images and of X-ray microd@grams shows that the pore size distributions becom
narrower and is also shifted towards smaller si@sn the foaming COsaturation pressure increases. In
particular for sample Al, a continuous distributinrwhich large pores (~0.8 mm) coexist with snpaltes
(~0.15 mm) is observed.

These results find their origin in the foaming memilsm. The number and size of the formed bubbles is
determined by the competition between the ratdmibble nucleation and growth. It is well known frome
homogeneous nucleation theory [16] that when thgnitade of the pressure drop induced by the reactor
depressurization increases, the energy barriarfoleation decreases. This leads to an increasgdation rate,
and hence to smaller bubbles. The presence ofmdireopores may be explained by an effect of th@ézature.
As the temperature drop resulting from the gas esioa is lower for low saturation pressures, theac
temperature following depressurization is higherAbthan for the other samples. In this case, tedobave
much more time to grow. This is prone to favor ¢balescence of bubbles.

5. Conclusion

Mercury pycnhometry and porosimetry, SEM and x-ragrotomography coupled with image analysis are
complementary methods that provide valuable infdionaon the texture of the studied foams. Mercury
porosimetry and SEM image analysis show that thie pwucture is more homogeneous when the foaming
process is performed under a high @turation pressure (larger than ~250 bars). Xsr@yotomography
allows visualizing the structure and measuringuli&amacropore density and size distribution.
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