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Abstract
The presented paper is focused on the assessment of imaging procedures of the porous hydrogel-based structure reinforced by
bioactive nano-particles as promising material for the tissue engineering. In this case this material is used for the scaffold and
ability of reliable imaging of the complex inner structure is crucial for determination of the mechanical behaviour at
microstructural level. Microtomographical data are useful for inspection and proper evaluation of the internal microstructural
deformations of complex sample and also for the assessment of spatial strain field using numerical computational technique
(e.q. digital volume correlation technique). In this study three types of gellan-gum bioactive-glass scaffold samples with
different SiO2 content (70 wt%, 50 wt%, 0 wt%) were scanned using three different types of devices and reconstructed to
obtain image data for study of morphological characterisation of the sample and further strain assessment and numerical model
development. One of the scanning device is conventional commercially available µCT, second device is Talbot-Lau grating
interferometer µCT and third setup is patented (EP2835631) custom build µCT setup called TORATOM. All samples are
immersed into water to simulate approximate physiological conditions during the scanning. This presents a challenge with
respect to the scaffold's material with low attenuation of X-rays. Obtained image data are compared between each other and
suitability of different scanning procedures is discussed.
Keywords: gellan gum hydrogel, wet condition, microtomography

1 Introduction
Micro X-ray computed tomography (µCT) is commonly used technique to image the inner structure of the complex samples
and is capable to reveal the changes of the structure caused by external conditions, e.g. mechanical loading. Information about
changes in inner structure is very important mainly in the case of the task related to the study of mechanical behaviour of the
various structures under loading. Obtained image data of structure at microscopic level is possible to use for quantification of
structural changes and evaluation of the deformation response of the investigated structures. Moreover, the reconstructed
tomographic data with suitable resolution and image quality can be used for calculation of the displacement and strain fields in
whole volume of the sample [1].
Microtomographical scanning of gellan gum (GG) scaffold reinforced by bioactive-glass (GG-BAG) is challenging due to low
atomic number of constituent chemical elements. These elements exhibit very low attenuation to X-rays. Moreover, the
structure is highly porous with typical cell-wall thickness in the range of dozens of microns. Additional to these structural
factors the purpose of the scaffold is not only the bearing function but also to ensure the flow of nutrients together with oxygen
diffusion [2], both in the natural environment of the body. To simulate of the natural environment of the body the sample
should be tested in wet conditions, e. g. immersed into water. Besides the rapidly changing mechanical properties of the
scaffold [3] the feasibility of X-ray imaging is significantly decreased due to X-rays attenuation of water which is similar to
attenuation of hydrogel. All these structural and environmental factors make microtomographical inspection of the inner
structure of scaffolds under simulated physiological conditions challenging.
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In this study are demonstrated the possibilities of various imaging setup and procedures for topology and morphology analysis
of low attenuation porous structure immersed in the fluid (mainly as the preparation phase of the further tomography scanning
procedure with simultaneous loading of a sample). This challenging case was selected regarding to requirement of tissue
engineering criteria, not only the primal stability of the structure but also transport phenomena. From a large amount of
materials and types of scaffolds used in tissue engineering GG type reinforced by bioactive glass as representative of
replacement for both hard and soft tissues was chosen for the investigation. Three types of scaffolds' samples (one sample of
each type) that vary in content of bioactive-glass (70 wt%, 50 wt%, 0 wt%) were investigated. Each sample was scanned using
three different types of µCT devices. Additional to commercially available µCT, two relatively unique devices were employed.
First of them the phase contrast µCT scanner with polychromatic X-ray source and Talbot-Lau X-ray interferometer was used.
X-ray phase contrast imaging technique was introduced in the middle of 1990s and since than the technique has been
intensively developed especially with regard to its use in biomedical applications, such as investigation of soft tissues [4].
Second unique device, the custom µCT setup called TORATOM (European patent EP2835631) equipped by flat panel detector
was served to obtain the last set of tomographic data. All tomographic data were reconstructed and qualitatively characterised
with regard to the quality of the image data for morphological analysis of inner structure including classification of selected
pores (cell wall thickness, shape etc.).

2 Material and Methods
2.1 Scaffolds
Scaffolds are engineered structures for desirable cellular interactions to support the formation of new functional tissues used in
regenerative medicine. The scaffolds are usually designed for effective cells seeding and new tissue formation and ingrowing.
Materials for scaffolding are typically divided into three main groups: i) organic, ii) inorganic, and iii) composite materials.
Here polysaccharide GG, one of the natural hydrogels with a promising potential for tissue engineering and regenerative
medicine applications because of its intrinsic biocompatibility and biodegradability was analysed. Pure GG shows relatively
weak mechanical stiffness and its application as load-bearing tissue scaffolds is limited. One of the approaches to improve the
mechanical properties of GG is reinforcement using BAG particles [5]. The improvement of mechanical properties by BAG
particles is strongly dependent on amount and distribution of bioactive glass in the reinforced structure. Others options to tune
the mechanical properties of hydrogels can be the reinforcement using nanofibers [6, 7] or interpenetrating polymer networks
[8].
Material investigated in this study was synthesized at Jozef Stefan Institute (Slovenia) as porous spongy-like structure buffered
by BAG nano-particles with size of ~200 nm. During the production process GG was dissolved in ultra-pure water by heating
the solution for 30 minutes at 90 °C. To the hot GG solution a dispersion of BAG was admixed and 0.18 wt% CaCl 2 was
added. Kept at high temperatures this mixture was then poured into required mould and let there to spontaneously jellify.
Finally the samples were frozen at −80 °C and freeze-dried. The cylindrical samples were delivered in dry state with height
h=8.6±0.8 mm, diameter d=5.2±0.3 mm and weight m~11 mg, ~16 mg and ~24 mg for plain GG scaffold, GG-BAG reinforced
scaffold with 50 wt% and 70 wt% BAG respectively.

2.2 Tomographic scanning
All types of the samples were subsequently scanned using three types of µCT scanners. Firstly, scaffolds' samples were
immersed into water and scanned using novel Talbot-Lau grating interferometer µCT system (SkyScan 1294, Bruker, Belgium)
located at University of Applied Sciences Upper Austria. This device enables to obtain three complementary characteristics
from a single projection of the same sample. Attenuation contrast (AC) provides information about the attenuation of the X-ray
beam passing through the sample and corresponds to information obtained using conventional X-ray imaging. Differential
phase contrast (DPC) is related to the index of the refraction of the material and resulting image contrast is based on the local
deflection of X-ray beam. Dark-field contrast (DFC) information is derived from amount of radiation scattered at small angels
caused by microscopic inhomogeneities in structure of the sample, e.g. pores, fibres and particles. The principle of Talbot-Lau
grating interferometer µCT system is to recover the phase-shift of the X-ray with subsequent conversion to the intensity signal
detectable by the conventional X-ray detector [9]. The main part of conversion procedure relates with three absorption and
phase-shift gratings with pitch in the range of micron. The source grating (G0), behind the source, divides the primary beam
into a large number of spatially correlated thin beams and creates a conditions necessary for interference. Second grating (G1),
placed behind the sample, provides interference pattern with local minima and maxima of the intensity. Change of the direction
of the beam caused by the material of the sample creates the local shift of the pattern. Third grating (G3), in front of the
detector, converts the pattern to the intensity signal which can be detectable using the X-ray detector. Tomography setup used
for scanning of all samples was equipped by CCD detector NanoXF110 (Princeton Instruments, USA) with 4008×2672 pixels
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resolution (12.5 µm pixel pitch) and µ-focus X-ray source (Panalytical, Netherlands) with 60 kV and 30 µm spot size. Target
voltage of X-ray source during the tomography was set at 35 kV while target current was set at 1000 µA resulting in target
power of 35 W. Distance between G0-G2 gratings was 277 mm and distance from emission point inside X-ray source to G0
was 15 mm. Pitch of the all gratings was 4.8 µm. Tomographic rotation was divided into 1199 projections with 1.7 s
acquisition time of one projection and aluminium filter with thickness of 0.25 mm was presented during all projections.
Reconstruction of the projections was performed using proprietary software NRecon (Bruker, Belgium) with algorithm based
on the filtered back projection (FBP). Resulting resolution of slice of reconstructed volumetric data in transverse plane was
548×548 pixels. Smoothing of image data was performed only in the case of DFC with α=0.54 of Hamming window.
Second device used for micro-tomography scanning of all three samples was µCT scanner (µCT 50, Scanco Medical,
Switzerland) placed at Ludwig Boltzmann Institute for Experimental and Clinical Traumatology in Vienna. This scanner
combines submicron pixel precision with a large field-of-view. The tomography of scaffolds was performed using FFT-CCD
detector with 3400×1200 pixel resolution and 20 µm pixel pitch. The geometry of the tomographic setup (X-ray source sample - detector) allows the scanning with 20.48 mm field of view and achieves a sample's voxel size of 10 µm. Full rotation
of the sample was divided into 1000 projections with constant angular step. Acquisition time of each projection was 1.6 s.
Parameters of X-rays tube were set at target voltage 45 kV and target current 200 µA resulting in target power of 9W.
Proprietary reconstruction algorithm based on FBP provided by manufacturer of the µCT scanner produced final image data
with 2048×2048 pixel resolution of slice in transverse plane.
Last µCT device used in this study was custom build tomographic setup called TORATOM (European patent EP2835631)
located at Centre of Excellence Telč, Institute of Theoretical and Applied Mechanics. This setup consists of 16 fully motorised
axes for positioning of X-ray sources, sample and detectors in an orthogonal arrangement that enables to perform a dual source
or dual energy tomography [10]. The setup can be currently equipped by two X-ray source (both X-Ray WorX, Germany):
XWT 160 TCHR with minimum spot size of 1 micron or high power tube XWT 240 SE with minimum spot size of 4 micron
and two principally different detectors: flat panel and photon counting detector. The tomographic scanning of scaffolds were
performed using GOS flat panel detector XRD 1622 AP 14 (Perkin Elmer, USA) with 2048×2048 pixel resolution (active area
409.6×409.6 mm) and 200 µm of pitch. The samples were irradiated using microfocus X-ray tube XWT-240-SE with target
voltage 50 kV and target current 700 µA resulting in target power of 35 W. Dimensions of setup arrangement were 999 mm
(source-detector) and 124.9 mm (source-sample) which led to final magnification of 8 and 25 µm pixel resolution. Full rotation
of the sample consists of 1200 projections, acquisition time of single projection was 1 s. Each projection was corrected to
reduce the beam hardening effect. For this purpose a series of projections with polyethylene calibrators with thickness: 0,
0.175, 0.35, 0.7, 1.4, 2.8 mm was performed. Reconstruction software VG Studio MAX 3.1 (Volume Graphics GmbH,
Germany) and the-cone bean algorithm of Feldkamp, Davis, and Kress (FDK) [11] was used to obtain the final image data with
800×800 pixel resolution of slice in transverse plane. Main parameters of tomography scanning for all devices are summarised
in Tab. 1
X-ray source
Detector
Acquisition
Reconstruction
spot size
U
I [µA]
resolution
px pitch projectio integration algorithm voxel size
[µm]
[kV]
[px]
[µm]
ns [-]
time [ms]
[µm]
SkyScan 1294 30
35
1000
4000×2672
12.5
1199
1700
FBP
22.8
µCT 50
5-30
45
200
3400×1200
20
1000
1600
FBP
10
TORATOM
5
50
700
2048×2048
200
1200
1000
FDK
25
Table 1: Main parameters of tomography scanning

2.3. Structure evaluation
Assessment of the internal structure of the investigated specimens was based on image processing procedures of the
tomographically acquired image data. Three different structural characteristics were assessed in the reconstructed image data:
(i) thickness of the pore edges, (ii) total porosity and (iii) size of the pores. Due to the low contrast between the GG and water
the segmentation did not provide satisfactory results, especially when a global threshold value was set. Hence a semi-automatic
procedure for measurements of geometrical characteristics was developed in language of Matlab toolbox (Mathworks, USA).
To prevent a subjective selection of the pores which were measured, two directions were prescribed in each evaluated slice
along their diameters which determined pores to be measured. Multiple measurement of the same pores was avoided by
selection of a sufficient span between analysed slices. As majority of the pores are of elliptical shape ellipses were used for
description of their dimensions. Major and minor axes of all pore cross-sections located along the prescribed directions were
measured. After the manual picking of the major and minor axis the ellipse is displayed to allow for proper fit control and in
case of insufficient fit repeated axes measurement. For estimation of the edge thickness Full-Width at Half Maximum
(FWHM) method was implemented [12]. Again, along the prescribed directions in each slice all cell edges were analysed. The
measurement was performed in two steps, first, the normal to the edge was manually found and then FWHM method was used
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to determine the edge thickness. Principles of the FWHM method implementation are depicted in Fig.1. Subsequently, mean
value of all obtained half maxima in each slice was used as the global threshold value for the corresponding slice. From the
segmented image, total porosity was calculated.

Figure 1: Cross-section of the 70 wt% specimen obtained by TORATOM (a) and example of cell-wall thickness estimation by FWHM
method (b)

3. Results
Image data of all scanned scaffolds were imported to Matlab toolbox to evaluate the image quality of the reconstructed data
and its possibility for reliable morphological analysis. Signal-to-noise ratio (SNR) value was chosen as the parameter for
comparison of image quality of data obtained from all µCT scanners. From the three image datasets (one for each µCT device)
of the same scaffold's sample the one slice in transverse plane was selected. During the selecting phase the emphasis was on
finding the relatively same sample's cross-section in all corresponding datasets. Because the samples were transported between
workplaces (Wels-Vienna-Telč) exactly the same position of the sample relative to X-ray source - detector axis in all
tomography scanning could not be guaranteed. In the selected cross-section the line profile was performed and SNR value was
calculated according to:

SNR =

where

µ sig
σ BG

µ sig is mean value of signal intensity along the line profile in sample area and σ BG is standard deviation of signal

intensity along the line profile created in the image background. The resulting SNR values of all types of scaffold's sample (70
wt%, 50 wt%, 0 wt%) are summarised in Tab. 2.

SkyScan 1294
µCT 50
TORATOM

70 wt%
27.522
9.896
21.274

SNR value
50 wt%
27.468
10.126
24.545

0 wt%
-

Table 2: SNR values of line profiles

In Figs. 2, 3, 4 the selected cross-sections with corresponding line profile are visualised. The structure of the sample with 0 wt
% content of BAG was not captured by any of the devices as is visible in Fig. 4 because the X-ray attenuation of surrounding
water was similar to X-ray attenuation of GG sample without reinforcement. In case of the Talbot-Lau grating interferometer
only the ABS image data were taken for SNR study. DPC method did not provide enhanced contrast between material and
water as is shown in Fig. 5 and was not beneficial for our study.
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Figure 2: Visualisation of the selected cross-section of 70 wt% sample (row 1) with signal intensity values of corresponding line profile (row
2). Place of the line profile is marked by the dashed line. (column 1: µCT 50, column 2: TORATOM, column 3: SkyScan 1294 – ABS mode )

Figure 3: Visualisation of the selected cross-section of 50 wt% sample (row 1) with signal intensity values of corresponding line profile (row
2). Place of the line profile is marked by the dashed line. (column 1: µCT 50, column 2: TORATOM, column 3: SkyScan 1294 – ABS mode )
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Figure 4: Visualisation of the selected cross-section of 0 wt% sample (row 1) with signal intensity values of corresponding line profile (row
2). Place of the line profile is marked by the dashed line. (column 1: µCT 50, column 2: TORATOM, column 3: SkyScan 1294 – ABS mode)

Figure 5: Visualisation and comparison of the selected cross-section of 0 wt% sample (row 1 – ABS, row 2 – DPC) and 70 wt% sample (row
3 – ABS, row 4 – DPC ).

From the image analysis of tomographically obtained data geometrical characteristics of the porous structure were derived.
Comparison of results based on data from three different imaging setups is listed in Tabs. 3 and 4 for two different types of
material. Threshold values used for the segmentation derived from the FWHM method varied less than 6% (less than 4% for
TORATOM) among each reconstructed set of data.
Imaging setup
SkyScan 1294
µCT 50
TORATOM

Total porosity [%]
71.27
73.36
93.01

Cell wall thickness [µm]
111.84±91.83
282.73±280.17
191.67±110.87

Major axis length [µm]
1954.77±970.32
1511.206±952.92
1954.77±970.32

Minor axis length [µm]
253.49±207.10
174.45±82.41
256.34±121.28

Table 3: Cellular structure parameters of GG-BAG 50 wt% specimen .

Imaging setup
SkyScan 1294
µCT 50
TORATOM

Total porosity [%]
75.36
72.99
90.01

Cell wall thickness [µm]
191.62±135.86
268.15±256.82
160.94±127.08

Major axis length [µm]
1696.34±909.95
1784.06±816.83
1421.65±601.33

Minor axis length [µm]
206.89±99.24
215.83±130.05
207.03±82.02

Table 4: Cellular structure parameters of GG-BAG 70 wt% specimen.
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4. Conclusions
Possibilities of the microarchitecture inspection of the materials developed for tissue engineering purposes were demonstrated
employing three different imaging procedures. Combination of imaging under wet condition and low attenuating nature of the
material touching the edge of physical limits of the imaging using flat panel detectors.
Obtaining SNR results shown qualitatively comparable image data scanned using TORATOM and SkyScan 1294. Although
image data acquired by µCT 50 are qualitatively worse the structure is still visible and can be also used for morphological
analyse as was demonstrated. Applicability of the TORATOM setup for investigation of the GG-BAG samples is one of the
main outcome especially with regard to the future investigations where the scaffolds' samples will be placed to an
environmental chamber with fluid circulation and simultaneously loaded. Loading devices (additionally equipped by
environmental chamber) are relatively large and desktop or cabinet scanning devices are strongly limited by workplace
dimensions. In contrast to these commercially available devices, the TORATOM setup has large workplace and that makes it
possible to used additional devices or large samples for tomographic scanning. As was shown the scanning of GG scaffolds
without BAG reinforcement in water is still challenging and improved procedure of scanning this type of samples will be
intensively being solved in further work.
Evaluation of the geometrical parameters of the cellular structure was performed based on the tomographically reconstructed
image data. Changes in mean values obtained by different imaging setups may be result of a continuous evolution of the
structural parameters of the moisturized GG. The significant standard deviations of the values show a high inhomogeneity of
the scaffold cellular structure. The homogeneous threshold values in each reconstructed set of data show a good homogeneous
distribution of BAG in all specimens.
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