Resorbable defect analog PLGA scaffolds using CO, as
solvent: Structural characterization
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Abstract: After tooth extraction, the immediate wound
treatment by implanting an exact copy of the root could
prevent alveolar bone atrophy. The implant should have an
interconnected porosity in order to promote tissue in-
growth. This communication reports a novel method to re-
alize such net-shaped porous scaffolds fabricated within a
few minutes. Porosity and micro-architecture are evaluated
by Hg-porosimetry and by image analysis of electron and
light microscopy as well as by computed micro-
tomography. The total porosity of the scaffold corresponds
to (63 + 3)%, mainly related to open interconnected porosity.
Micro-tomography, as a noninvasive 3D method, is best
suited to uncover pores of about 100 wm, a diameter espe-
cially important for tissue in-growth. The differentiation be-

tween open and closed porosity, however, depends on the
method chosen. This effect is attributed to the spherical
pores with an orifice only detected in the 3D analysis. Con-
sequently, the closed porosity is overestimated by 8% evalu-
ating 2D images. Finally, the mean pore diameter is found to
be 106 and 100 wm for 2D and 3D analysis, respectively.
Although the porosity of the scaffold needs to be further
optimized for clinical applications, the procedure proposed
is a promising route in manufacturing open porous implants
without the use of any organic solvent. © 2002 Wiley Peri-
odicals, Inc. ] Biomed Mater Res 62: 89-98, 2002
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INTRODUCTION

The extraction of teeth causes a major trauma for the
alveolar ridge by leaving an open bone wound, which
is in direct contact with the environment of the mouth.
Subsequently, the bone atrophy often observed leads
to a reduction of ridge height and width."? This atro-
phy may result in the loss of functionality of the bone
as well as in potential bacterial contamination. In ad-
dition, the resorption of alveolar bone can lead to com-
plications making reconstructive surgery necessary.’
Although this problem had been described already in
the last century,* therapies have only been evaluated
seriously during the last two decades.* In previous
studies,*® prevention of resorption has been at-
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tempted by implanting dense hydroxyapatite cones
into the alveola. Although these implants partially
promoted the alveolar ridge stability, some post-
implantation problems occurred, such as submucosal
prominence, erosion through mucosa, and conse-
quently the migration and the loss of the implant.®
Moreover, the procedure necessitated fastidious me-
chanical adjustment of the implants that finally still
fitted poorly into the extraction socket.

Recently, Suhonen and Meyer” have proposed im-
mediate wound closure by placing an exact copy of
the extracted tooth root made of a degradable polymer
into the socket. The authors demonstrated the preser-
vation of ridge height for at least 21 months. Although
cancellous bone was observed at the implantation site,
bone formation could only be initiated once the poly-
mer implant had been at least partially resorbed. One
potential approach to facilitate earlier tissue formation
is the implantation of the biodegradable implant with
interconnected pores that enable immediate tissue in-
growth. As confirmed by several in vitro and in vivo
studies,*” open interconnected pores promote scaffold
vascularization, which permits improved cell spread-
ing and proliferation. According to the results of
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Ishaug et al.,'® the optimal migration of osteoblasts
and the preservation of their phenotype require scaf-
folds with pores having diameters larger than 100 pm.

Among the biodegradable polymers used in human
surgery and tissue engineering, poly(a-hydroxy es-
ters) such as polylactide, polyglycolide, and their
copolymers (PLGA) are most frequently investi-
gated."''® They seem to be suitable materials for the
preparation of porous defect-analog scaffolds. Several
techniques are proposed in the literature to manufac-
ture open porous scaffolds, including solvent casting/
salt leaching,' phase separation, gel casting,*' pre-
cipitation,” and emulsion freeze-drying.'* Many of
these methods require organic solvent purification
steps that are time consuming and consequently may
make the fabrication of defect analogous scaffolds for
immediate implantation impossible. Foaming tech-
niques currently used to produce micro-cellular struc-
tures with gaseous CO, are fast, but do not give rise to
sufficiently interconnected porosity required for cell
in-growth. Harris et al.*®> have proposed an alternative
method, combining salt leaching and CO, foaming.
Here, however, salt removal needs to be considered.

On the basis of a procedure recently designed,”**
we propose an improved method to produce PLGA
open scaffolds. This method, which involves rapid
consolidation of PLGA particles in a mold using sub-
critical CO,, permits the fast preparation of an exact
copy of a tooth root without the use of any organic
solvent. After the detailed description of the PLGA
scaffold preparation by consolidation of particles us-
ing sub-critical CO,, the porous structure is character-
ized. The results obtained by standard techniques
(gravimetry and Hg-porosimetry) are compared with
those obtained by 2D and 3D image analysis using
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confocal laser scanning microscopy (CLSM) and
synchrotron-radiation-based computed micro-
tomography (CMT).

MATERIALS AND METHODS
Scaffold preparation

Poly(D,L-lactic-co-glycolic acid) (Boehringer-Ingelheim, D)
particles were prepared as follows: PLGA fibers were spun
at 15 m/s with a laboratory extruder (CSI Max Mixing Ex-
truder CS 194 A) through a 3-mm diameter dye. These pa-
rameters lead to a thread diameter of about 70 pm. The
PLGA threads were subsequently relaxed in a high-pressure
CO, vessel (CO, medical grade, AGA, CH) at 55 x 10° Pa for
15 s. Then, the gas pressure was decreased from 55 to 1 10°
Pa within about 20 s. During this treatment, the relaxing
PLGA fibers formed aggregates. These aggregates were
milled and sieved to a grain size of 700-1400 wm to obtain
the base material for scaffold fabrication. Scaffolds were pro-
duced as follows: an aluminum cylindrical mold with a
height of 20 mm and a diameter of 10 mm was filled with
0.15 g of PLGA particles placed into the CO, vessel. This
amount of particles was consolidated using the same time-
pressure ramps as described for the production of aggre-
gates. Finally, open porous scaffolds with a diameter of 10
mm and a height of 5 mm were obtained. For these scaffolds,
we have found an E-modulus of 38.1 + 7.7 MPa determined
by an intrusion test.”® The particles are glued together by the
consolidation.

The porous root replica made of PLGA is fabricated in the
analog manner. A sterile polyvinylsiloxane mold was manu-
factured after tooth extraction by imprinting the root into the
polymer (Fig. 1). After crosslinking of the polyvinylsiloxane,
the root was extracted, and the mold was filled with sterile
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Figure 1. Sequence for the replacement of tooth root by the degradable PLGA implant with interconnected porosity. [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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PLGA particles having a diameter between 700 and 1400
pm. Using the consolidation method described above, po-
rous root replicas were obtained.

Structural characterization
Scanning electron microscopy (SEM)

The surface topography of the samples was analyzed us-
ing SEM (Hitachi S-2500C, Japan). Longitudinal and trans-
versal sections were visualized to reveal the microstructure
orientation during consolidation.

Determination of total porosity by gravimetry

The total porosity of the sample II is defined by the fol-
lowing:

=1 . o))
where p is the polymer density [g cm™>] and p’ is the integral
density of the sample [g cm™].

The integral density was determined by measuring the
weight and the volume of the samples. For these measure-
ments, nine different samples were used. The polymer den-
sity was determined by pyknometry on polymers as re-
ceived. With this integral technique, the total amount of po-
rosity is accessible.

Hg-porosimetry

The intrusion method (Hg-Porosimeter, PMI) was used to
determine the open, the closed, and the total porosity as well
as the pore sizes distribution. The samples were degassed
during 1 h under high-vacuum conditions. The applied Hg-
pressure was varied between 0.07 to 2000 bar. The relation
between the Hg-pressure P and the radius size of a cylin-
drical pore r is given by Washburn’s equation:

2:-0-cosb
Pz 2
;
where o is the surface tension of Hg and 6 is the contact
angle [deg].

The Hg-surface tension at a temperature of 25°C corre-
sponds to 4.74 x 107> Nem™"."* A contact angle 6 of 137° for
PLGA 85:15 was measured according to the procedure de-
scribed in Whang et al.'* The open porosity is given by
Equation (3).

V.

=y, 3
where T is open porosity, V; is total intrusion volume [cm?],
and Vj is sample volume [cm®].

The total porosity II and the closed porosity o (non-
accessible volume for Hg) can be calculated using Equation
(1) with:
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Image analysis using confocal laser
scanning microscopy

As SEM, optical microscopy can only reveal the inner mi-
cro-architecture of the scaffold after micro-section prepara-
tion. For the analysis of CLSM images, planar sections are
required. Therefore, we prepared the samples as follows:
first, they were embedded into epoxy resin (Resin and Hard-
ener EPOFIX Struers, DK, ratio 25:3) after degassing for 15
min at a pressure of 200 mbar. The resin was fixed at a
temperature of 40°C during 12 h. Scaffold sections were pre-
pared by grinding and polishing using the grinding machine
(Struers, DK) and a suitable SiC abrasive paper. Polishing
was finally achieved with 1-um diamond paste.

Planar scaffold sections were visualized with the confocal
laser-scanning microscope (LSM 410, Zeiss, D). The obtained
images were analyzed using the Image-Pro Plus software
(n = 6; Media Cybernetics, Silver Spring, MD). Quadratic
images with a size of 512 x 512 pixel having a side length of
4839.2 um were used for the analysis. Hence, the pixel size
was 0.1058 wm. Residual scratches of the grinding process
were removed from the images by the (3 x 3) median filter.

Threshold determination

Each pixel of the CLSM images can be attributed to a gray
value depending on contrast and brightness. To improve the
contrast of the raw data, the “Best Fit” filter option of the
software was used. The distribution of the gray values are
represented by a histogram, where the x-axis corresponds to
the gray scale (0-255) and the y-axis represents the related
frequency. Three phases corresponding to the closed poros-
ity, the polymer matrix, and the open porosity were distin-
guishable. The threshold between the closed porosity and
the polymer matrix was determined from 60 images using
the related minimum of the histogram. The value for the
threshold between the polymer matrix and the open poros-
ity was determined by fitting the histograms using two
Gaussians taking their crossing point (see below).

Pore sizes distribution

Because of pore shape, which can be seen as an open
surface, no computed measurements could be performed on
2D digital images to determine the pore sizes distribution.
For this reason, mean throat length was chosen for the char-
acterization of the distribution and was performed manually
with the method of interceptive lines. Ten lines were drawn
on CLSM images. The distances between the points, where
the lines intercepted the pixels of the scaffold matrix, were
measured and the related distribution was calculated.
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Image analysis using computed micro-tomography

Measurements were performed on cylindrical scaffolds
with a diameter of 5 mm and a height of 3.5 mm. 3D images
were generated by synchrotron-radiation-based computed
tomography (measurements: monochromatic X-ray energy 9
keV at beamline BW 2; HASYLAB synchrotron facilities at
Hamburg, Germany) with a resolution of 5.4 pm.*® The 3D
structure was reconstructed from a series of 2D projections
using the BKFIL procedure.””

The porosity was determined after calculating the thresh-
old value between the phases (as for CLSM image analysis;
see below).?® In addition, the background noise in the tomo-
gram was reduced by a special filtering process.”® The open
and closed porosities are superimposed because of identical
X-ray absorption of air in both phases. The amount of closed
porosity was estimated counting the pores and measuring
their size using a lab-made computer code, which allows the
treatment of a data set of several GB with precision.

RESULTS

Structural characterization on the macro- and the
microscopic level

Qualitative results

Using the presented molding technique, it is pos-
sible to manufacture open porous scaffolds with the
desired shape. As an example, Figure 2 represents a
PLGA copy of a tooth root produced according to the
procedure described in the scheme of Figure 1.

The first step of the procedure implied the produc-
tion of PLGA particles. These particles were obtained
from PLGA yarns, which can relax under CO, pres-

Figure 2. Root replica obtained by consolidation of PLGA
fibers under carbon dioxide pressure at room temperature.
The length of the root is about 15 mm. [Color figure can be
viewed in the online issue, which is available at www.inter-
science.wiley.com.]
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sure (Fig. 3). Using thicker yarns, for example with a
diameter of 600 pm instead of 70 pm, no relaxation
occurs but the fibers usually foam upon pressure re-
duction resulting in an unfavorable amount of closed
porosity. The molecular alignment, which results from
fiber spinning, depends on the ratio between dye and
fiber diameter. Consequently, the fiber relaxation is
attributed to the randomization of molecular align-
ment. At high pressure, CO, acts as solvent for PLGA
and enables the assembly of particles. This process
allows scaffold fabrication within a few minutes.

The SEM analysis showed a homogeneous distribu-
tion of the pores. Figure 4 demonstrates that the outer
shape of the scaffold is identically represented by SEM
and 3D CMT, which indicates that the intense X-rays
do not damage the scaffold during CMT analysis. The
inner structure of the scaffold is investigated without
the destruction of the sample using CMT (Fig. 5). The
slices of the scaffolds indicate interconnected porosity
accessible from outside the sample. The relaxed struc-
ture of PLGA fibers is better visible at higher magni-
fication. The inner microstructure observed with CMT
is compared with the CLSM results (Fig. 6). However,
in the later case, the observation of inner structure
requires the destruction of the sample. The prepara-
tion procedure used for CLSM investigation seems not
to significantly alter the micro-architecture. Closed po-
rosity, corresponding to regions where no light is re-
flected, can be distinguished, permitting the complete
characterization of the porosity of the scaffolds.

Quantitative results

The results of the porosity measurements obtained
with gravimetry, Hg-porosimetry, and image analysis
are compared in Table I. The total porosity obtained
by gravimetry was 69 + 4%. The standard intrusion
method, here Hg-porosimetry, reveals the accessible
volume for a specific fluid. The typical pore sizes and
shapes of the samples lead to the Hg-penetration of
the larger pores having open diameters of about 200
pm without the need of pressure application. For this
reason, the large pores cannot be quantified using Hg-
porosimetry. The measurement of the PLGA scaffolds
with Hg-porosimetry leads to scattered experimental
data between 3 and 100 wm that is inherent to the
method (Fig. 7). The cumulative representation of in-
truded volume reveals the presence of pores smaller
than 1 wm, which are probably due to compression of
the polymer at high Hg-pressure and, therefore,
should not be considered in the porosity calculation of
connected pores. Hg-porosimetry led to an accessible
volume of 60 + 5%. The total porosity was found to be
65 = 5%. By including the micro-pores smaller than 1
pm into the calculation, the total porosity resulted
in 67%.
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Figure 3. Relaxation of PLGA fibers demonstrated by SEM images. Note the doubling of fiber diameter related to the
formation of the porous structure. (a) Plain fiber, (b) porous fiber after relaxation.

On the CLSM images (Fig. 6), one can distinguish
between the PLGA scaffold, the epoxy resin, and the
holes. The epoxy resin corresponds to the open poros-
ity and the holes to the closed porosity. Each phase
covers a range of gray values as shown in Figure 8.
The analysis of the closed pores showed that the cor-
responding gray values range from 0 to 30 (corre-
sponding to a local minimum). Therefore, after ana-
lyzing all images, the first threshold value was set to

Figure 4. The outer shape of the porous scaffold visualized
by CMT and SEM (inset). The comparison between the im-
ages reveals that the X-rays from the synchrotron radiation
source do not cause visible changes of the porous structure.

30. To set the second threshold value to distinguish
between polymer and open porosity, the minimum
between the second and the third peak was calculated
and found at 150.

The applicability of the computed segmentation
method was evaluated using samples made of non-
relaxed, non-porous PLGA fibers that are much easier
to analyze. Porosity of these samples was first inves-
tigated manually by selecting the PLGA phase and by
calculating the ratio between the PLGA surface over
the overall surface of the image, giving rise to a po-
rosity of 90.47%. Using the computed segmentation
method, porosity was found to be 90.02% and after the
additional use of a median filter the porosity was
90.41%. The agreement between the results for this
rather simple structure should be equally valid for the
rather complex structures of the PLGA scaffolds with
a total porosity of about 60-65%.

The pore sizes distribution was determined by
CLSM images using the method of intercepting lines.
The median distance between two points of the PLGA
matrix located on the same line was found to be 154 =
8 pm (Fig. 9).

The CMT measurements allow the determination of
the total porosity in 2D and 3D using a similar seg-
mentation method as used for CLSM. Using the 2D
slices, a total porosity of 62 + 2% and a closed porosity
of 9.2 + 0.6% were found. The use of the whole 3D data
set leads to a total porosity of 62.7 + 1.4%, an open
porosity of 61.1 = 5%, and a closed porosity of about
1.5%.

The pore architecture can be quantified by the
analysis of the 3D data. For example, one can deter-
mine the smallest distance of each voxel to material.
The representation allows visualizing, where tissue
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Figure 5. Slices from the tomogram with different magnifications. The complex structure related to the relaxed fibers
becomes visible in detail. The slices qualitatively elucidate the high degree of interconnected open porosity. This micro-
architecture with a high degree of specific surface should allow cell seeding.

Figure 6. CLSM image of the PLGA scaffold. Note that the
structure of the CLSM image closely resembles the CMT
data of Figure 5. Epoxy (bright) is considered as the open
porosity.

can in-grow by considering blood-capillary-diameters
or cell dimensions. Although only a 2D representation
is shown in Figure 10, distance mapping considers
voxel from above and below. Distance mapping con-
firmed the presence of interconnected pores. Assum-
ing pores of spherical shape, the mean pore diameters
of 100 pm for 3D analysis and 106 wm for 2D analysis
are derived from the mean distances to material.*®

DISCUSSION

The consolidation of PLGA particles using sub-
critical carbon dioxide permits the manufacturing of
defect analogous scaffolds without any time-
consuming solvent extraction step. A promising appli-

TABLE I
Summary of the Porosity Measurements of PLGA 85:15
Scaffolds Using Different Methods

Open Closed Total
Porosity Porosity Porosity
Method (0/0) (0/0) (0/0)
Gravimetry — — 69 +4
Hg-porosimetry 60«5 5+3 655
CLSM 2D 51+3 7+4 58 +3
CMT 2D — 92+0.6 62+2
CMT 3D 61.1+5.0 1-2 627 +14
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apart from PLGA. The blue-colored voxels represent the
scaffold itself.
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cation of the technique is the fabrication of defect ana-
log scaffolds for tissue augmentation. Here, the im-
plant can be manufactured after tooth extraction with
sterile particles directly before implantation. The im-
plant should prevent bacterial contamination of the
alveola. Because the implant is a copy of the indi-
vidual root, the risk of displacement or the loss of the
implant is minimized.

To produce porous particles with a high degree of
porosity, PLGA fibers are used. After spinning, PLGA
molecules are highly orientated. This metastable state
of matter is transformed into a more favorable ener-
getic state by relaxing the fibers. Relaxing can be
achieved by increasing the temperature above the
glass transition temperature T, of the polymer. Sorbed
CO, molecules in PLGA are known to reduce the glass
transition of the polymer under room temperature.”
Thus, when PLGA fibers are exposed to CO, pressure
at room temperature, relaxation of the fibers is ob-
served. In the case of PLGA fibers with diameters
smaller or equal to 60-100 um, relaxation provokes
contraction of the fibers and formation of folds, which
can be clearly seen on CMT or CLSM images. In pre-
liminary experiments, only formation of bubble-like
pores was observed by fibers thicker than about 100
pm without any relaxation effects. Scaffolds made of
theses fibers exhibit only a small amount of open po-
rosity.

At high magnification, CMT or CLSM images reveal
some bubbles. Their formation seems to depend on
diameter irregularities, which provides sites for nucle-
ation and growth of the gas phase.?” The formation of
a gas phase in polymers generally leads to closed
pores. Dissolved CO, in the polymer matrix tempo-
rarily acts as plasticizer and poor solvent.* Thus,
PLGA particles can assemble, forming a solid struc-
ture. After the process, fibers formed a stable inter-
penetrated network without preferential orientation.

The inner architecture was observed with CLSM,
which requires the destruction of the scaffold to pre-
pare slices. Here, we see the advantage of a nonde-
structive technique such as CMT. Because of their ad-
equate cross-section, synchrotron X-rays are appropri-
ate to nondestructively investigate the microstructure
of PLGA scaffolds with a resolution of a few microme-
ters. As confirmed by the comparison with SEM, the
X-rays do not visibly affect the micro-architecture of
the scaffolds. Thus, CMT data can be directly com-
pared with CLSM.

Both the image analysis using the CLSM and the
CMT data confirmed the presence of interconnected
pores throughout the scaffolds. Because of the pore
geometry, the entire microstructure of the scaffold is
accessible from outside, which would enable its vas-
cularization and the in-growth of different kinds of
tissue.

The porosity and the pore sizes distribution of the
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scaffold were quantified with gravimetry, Hg-
porosimetry, and CMT and CLSM images. The gra-
vimetry as an integral method does not distinguish
between closed and open porosity. Moreover, the vol-
ume measurement of the scaffold is inaccurate. For
this reason, the scaffold volume and consequently
the total porosity are often overestimated. Hg-
porosimetry belongs to the standard methods to quan-
tify the porosity and pore sizes distribution for porous
structures. However, as a result of the presence of
large pores, Hg penetrates into the scaffold without
pressure application. For this reason, the volume of
the scaffold is generally underestimated, which leads
to a lower value for the open porosity and finally a
lower total porosity. Moreover, the pore sizes distri-
bution does not include pores larger than 100 wm (Fig.
7), which are important for potential vascularization.
The pore sizes distribution appears to be bimodal,
showing a micro- and macro-porosity. A possible ex-
planation for the presence of this micro-porosity is the
formation of micro-cavities or a compression of the
polymer after mercury penetration into the polymer
matrix because of elevated pressure. Consequently,
this micro-porosity of about 2% needs to be consid-
ered in calculations in an appropriate manner.
Image analysis is expected to lead to more precise
results. After noise filtering and thresholding, image
segmentation on CLSM slices permits distinction be-
tween the polymer matrix, the open, and the closed
porosity. The closed porosity can be characterized by
the absence of material and, therefore, cannot reflect
light. A comparison with CMT tomograms confirms
that these bubble-like structures are enclosed within
the polymer matrix and do not represent cavities in
the epoxy resin. Before porosity quantification, com-
puted segmentation method was assessed using a
regular structure. Porosity calculations based on this
structure confirm that segmentation was reproducible
and, therefore, adequate to characterize the scaffolds.
The open, the closed, and the total porosity were ana-
lyzed in the central region of the scaffolds. Total po-
rosity determined by CLSM was found to be 58 + 3%,
a value slightly smaller than that found by the other
methods used. Because the microstructure consists of
a few interconnecting pores, a size distribution is not
characteristic. Therefore, a line method is used to char-
acterize the pore diameters. The median values of this
distribution can only be used to compare different
scaffolds, although it does not characterize the acces-
sibility to the scaffold for the tissue in-growth.
Insufficiencies of CLSM-based image analysis are
caused by the difficulty of obtaining uniform bright-
ness on the whole image. The resin (open porous
phase) can exhibit the same gray values as the poly-
mer matrix, if the surface is not perfectly aligned to the
laser. The segmentation becomes questionable and can
lead to an underestimated value of the open porosity.
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Another problem can arise from the potentially non-
homogeneous wetting of the scaffolds with the epoxy
resin. However, comparison of the CLSM images with
the CMT tomograms proves that the interconnected
pores of the scaffolds were filled by epoxy. Therefore,
the wettability of the liquid resin was adequate for our
investigation.

CMT is a superior method to observe the inner
structure of the scaffolds nondestructively. Hence,
preparation artifacts are avoided and the porosity is
derived precisely. Measurements were possible on the
2D slices as well as the whole 3D tomogram. The total
porosity obtained with both methods is identical; the
value of the closed porosity is statistically higher by
2D image analysis than by 3D analysis. Our explana-
tion for this discrepancy is that some bubble-like pores
may have thin orifices, which are registered as open
porosity by 3D analysis, but not by 2D analysis. A
supplementary advantage of tomography is the pos-
sibility of visualizing potential pathways for tissue
in-growth. The distance mapping shows that the mi-
cro-architecture is mainly composed of narrow inter-
connected conduits (12.5- 25um). For optimal bone
in-growth into PLGA scaffolds after implantation, it
has been stated that pore diameters should be in the
range of 300-350 wm in the case of calvarial rat de-
fects.”® However, no significant difference in osteo-
blast proliferation and phenotype conservation has
been found in PLGA foams with pores sizes of either
150-300, 300-500, or 500-710 pm when seeded with
stromal osteoblasts and after implantation into rat
mesentery.'’ The average penetration depth of miner-
alized tissue into the construct seemed to be deeper for
scaffolds with pores between 150 and 300 pm than for
that with pore sizes between 500 and 710 wm after 49
days in vivo.>! Similar results were found in an in vitro
study with neonatal rat calvarial osteoblasts.* There-
fore, PLGA scaffolds presented in this report should
be optimized to deliver a large amount of wider pores
for bone defect regeneration.
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lix Beckmann (Hamburger Synchrotronstrahlungslabor
HASYLARB at Deutsches Elektronen-Synchrotron DESY) and
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