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1. Introduction

Stem cell based tissue engineering therapies involve the administration of manipulated stem
cell populations with the purpose of repairing and regenerating damaged or diseased tissue.
Currently available methods of monitoring transplanted cells are quite limited. The
monitoring of stem cell therapy outcomes requires the development of non-destructive
strategies capable to identify the location, magnitude, and duration of cellular survival and
fate. The recent development of imaging techniques offers great potential to address these
critical issues by non-invasively tracking the fate of the transplanted cells. This chapter
offers a focused presentation of some examples of the use of imaging techniques connected
to the nanotechnological world in research areas related to stem cells. In particular,
investigations concerning human stem cell treatment of Duchenne muscular dystrophy in
animal models, cellular therapy to generate new myocardium in infarcted rat heart,
bioscaffolds for cell proliferation driving to form bone tissue will be discussed.

Tissue engineering and regenerative medicine represent an emerging research area that
promises new therapeutic techniques for the repair and replacement of tissues and organs
that have lost functions due to ageing, disease, damage, and congenital defects (Langer &
Vacanti, 1999; Atala, 2005; Jones & Hench, 2003). Clinical applications have already begun to
repair a wide variety of tissues, such as blood, skin, cornea, cartilage, and bone.

Imaging techniques are playing an increasingly important role in the rigorous
characterization of biomaterial properties and function. Sophisticated 2D imaging
technologies have been developed to complement histological evaluation and probe
complex biological events occurring at the interface between tissues and biomaterials
(Boskey & Pleshko Camacho, 2007; Campbell & Kim, 2007). However, there is a clear need
for high resolution 3D imaging technologies that reveal the spatial distribution of
regenerated tissues forming in vitro and in vivo conditions.

Moreover, for regeneration of vascularized tissues such as bone or muscle, the ability to
quantify 3D vascular in-growth would be tremendously valuable, particularly for studies
exploring the potential to enhance regeneration via therapeutic angiogenesis strategies
(Silva & Mooney, 2007). The imaging modality that has been most extensively applied for
this purpose, particularly for bone tissue engineering studies (Mastrogiacomo et al., 2004;
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Komlev et al., 2006; Papadimitropoulos et al., 2007, Eniwumide et al., 2007), is high
resolution X-ray computed tomography (CT). CT provides rapid reconstruction of 3D
images and quantitative volumetric analysis of X-ray attenuating materials or tissues. In the
perspective of clinical translation of stem cell research, it would be advantageous to develop
new techniques to detect donor cells after transplantation to track their fate and thus better
understand their role in regeneration of damaged and diseased tissues.

Several groups have reported on successful labelling of mesenchymal pig (Hill et al., 2003)
and mouse (Hoehn et al, 2002) embryonic stem cells with nanoparticles of iron oxide
(SPIO). These particles are used as contrast agents for magnetic resonance imaging (MRI)
(Arbab et al., 2003; Wang et al., 2001). It appears that cells that are able to incorporate SPIO
intracellularly are readily detectable with MRI allowing in vivo tracking of such “tagged”
cells (Bulte et al., 2002). MRI can provide a non-invasive and repeated three-dimensional
visualization of transplanted “tagged” stem cells in organs, making it particularly attractive
for imaging studies (Nuzzo et al., 2002).

The aim of this Chapter is to present recent progress obtained by using innovative and non-
invasive imaging techniques, involving nanotechnologies in research areas related to stem
cells. In particular, the authors will provide some examples of studies concerning human
stem cell treatment of Duchenne muscular dystrophy in animal models, cellular therapy to
generate new myocardium in infarcted rat heart, bioscaffolds for cell proliferation driving to
form bone tissues.

The interest will be focused on X-ray computed microtomography (micro-CT), that is an
imaging technique similar to conventional CT systems usually employed in medical
diagnostics but with the main difference that in micro-CT a spatial resolution in the order of
a few hundred nanometers can be achieved (against about 0.5 mm in CT). On the other
hand, of course, such a high spatial resolution can be obtained only for reduced size samples
(@ few mm?3). In particular, by using synchrotron radiation, available at some European
Large Scale Facilities like ESRF - Grenoble, PSI/SLS - Zurich, BESSY HZB - Berlin,
HASYLAB - Hamburg and ELETTRA - Trieste, it is possible to couple high spatial resolution
to high signal-to-noise ratio (Nuzzo et al., 2002; Salomé et al., 1999). Furthermore, with
respect to conventional laboratory sources, the advantages of X-rays produced at
synchrotron radiation sources also include a very high photon flux and a tunable-energy
monochromatic beam with high coherency, in parallel beam geometry.

In conclusion, the authors will evidence that non-destructive 3D imaging techniques, such
as micro-CT, are increasingly providing a powerful set of quantitative tools to aid in the
development and evaluation of porous biomaterials and new approaches to engineering
tissues and organs. Emphasis will be given to the fact that the key advantage of micro-CT
imaging is that this method, as well as MRI, may be applicable to monitoring the stem cell
homing, after cell labelling with iron oxide nanoparticles. On the other hand, when working
on biopsies of small sizes (few millimeters) or small animals, micro-CT has an appreciably
higher spatial resolution as compared to magnetic resonance imaging, which, in turn, has
the advantage to be applicable to human body.

Micro-CT will be also shown to be a good technique for 3D studies of bioscaffolds for tissue
engineering, also allowing the 3D visualization, as well as quantitative evaluations, of
features very difficult to be detected by other imaging methods, such as the vascularization
network in engineered bone tissue.
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2. X-ray Microtomography: Outline of the technique

A revolutionary discovery in the field of medical imaging occurred at the beginning of the
1970s when the first equipment for X-rays Computed Tomography (CT) was developed.
This method of imaging avoids several important limitations of conventional X-ray
radiology. The impact of the CT technique has been revolutionary, enabling to view internal
sample details with unprecedented precision and in a non-destructive way. Furthermore it
achieves a contrast discrimination up to one thousand times better than conventional
radiography (Claesson, 2001).

Tomography refers to the cross-sectional imaging of an object from either transmission or
reflection data collected by illuminating the object from many different directions (Kak &
Slaney, 2001). Although the first application was in diagnostic medicine, there are indeed
numerous nhonmedical imaging applications. This methodology is applied to the mapping of
underground resources via cross borehole imaging, to some specialized cases of cross-
sectional imaging for nondestructive testing, to the determination of the brightness
distribution over a celestial sphere, to three-dimensional imaging with electron microscopy,
etc. (Kak & Slaney, 2001).

Fundamentally, tomography employs X-rays to form images of objects based on their
attenuation coefficient. Tomographic imaging deals with reconstructing an image from its
projections.

The solution to the problem of how to reconstruct a function from such projections dates
back to the paper published by Radon in 1917 and it was exploited with Hounsfield’s
invention of the x-ray computed tomographic scanner for which the same Hounsfield
received a Nobel prize in 1972.

Given the enormous success of X-ray computed tomography, it is not surprising that in
recent years much attention has been focused on extending this image formation technique
to nuclear medicine and magnetic resonance, on one hand, and ultrasound and microwaves
on the other (Kak & Slaney, 2001).

Computed X-ray microtomography (micro-CT) is similar to conventional CT systems
usually employed in medical diagnoses and industrial applied research. Unlike these
systems, which typically have a maximum spatial resolution of about 0.5 mm, advanced
micro-CT is capable of achieving a spatial resolution up to 0.1 microns (Weitkamp et al.
2010), i.e. about three orders of magnitude lower. Such a high spatial resolution can be
obtained only for samples of reduced size i.e. for dimensions in the range of a few cubic
millimeters. Synchrotron Radiation allows achieving high spatial resolution images to be
generated with high signal-to-noise ratio (Nuzzo et al., 2002; Salomé et al., 1999). Use of X-
rays delivered by Synchrotron Facilities has several advantages compared to X-rays
produced by Laboratory or Industrial sources. These include: (i) a high photon flux which
permits measurements at high spatial resolution; (ii) the X-ray source is tunable, thus
allowing measurements at different energies; (iii) the X-ray radiation is monochromatic,
which eliminates beam hardening effects; and (iv) parallel beam acquisition allows the use
of exact tomographic reconstruction algorithms. In addition, Synchrotron Radiation allows
acquisition of volumes at different energies and volume subtraction to enhance contrast.
Because of this variability, it is possible to enables digital image processing of micro-CT data
in order to maximize contrast between neighboring voxels in the image and to increase the
range of attenuation values of the entire volume. This variability in materials and
acquisition methods leads to a wide range of grayscale values (corresponding to different X-
ray absorption coefficients) within and among data sets (Ashbridge et al., 2003).

www.intechopen.com



686 Stem Cells in Clinic and Research

The spatial resolution of the CT image is dependent on the number of parallel beam
projections and the number of data points in each projection. A larger data set means a more
detailed description of the depicted object and hence more pixels and of smaller dimensions,
i.e. better spatial resolution.

An important issue is the choice of spatial resolution versus overall sample size. Ideally, the
specimen should absorb about 90 % of the incident radiation along the most radio-opaque
path to obtain the best signal to noise ratio in the reconstructed image. In a homogeneous
sample, absorbing 90 % of the incident radiation, the quantity p(A)x (where A is the X-ray
wavelength, n(1) is the linear attenuation coefficient of the sample for this wavelength, and
x is the sample thickness), should be approximately 2. To satisfy this condition the sample
thickness and/or the X-ray energy should be optimized.

In both three-dimensional (3D) conventional CT and micro-CT, hundreds of two-
dimensional (2D) projection radiographs of the specimen are taken at several different
angles. The information contained in each radiograph is a projection of the absorption
density distribution in the sample along the direction of X-ray beam onto the plane
perpendicular to the direction of the X-ray beam propagation. If the sample is then imaged
several times in different orientations, 3D (volume) information on the sample structure can
be obtained by using computer algorithms. This process, referred to as “tomographic image
reconstruction”, consists in solving an inverse problem to estimate an image from its line
integrals on different directions, in 2D, and the problem is theoretically equivalent to the
inversion of the Radon Transform of the image.

In practice, there are two major classes of reconstruction algorithms that use fundamentally
different approaches to accomplish this conversion (Paulus et al., 2000): (i) transform-based
methods using analytic inversion formulae, and (ii) series expansion methods based on
linear algebra. Fourier-transform-based algorithm is commonly used in micro-CT.

An alternative approach to image reconstruction involves the use of iterative reconstruction
algorithms. These algorithms start with an initial estimate of the 2D matrix of attenuation
coefficients (Webb, 2003). By comparing the projections predicted from this initial estimate
with those that are actually acquired, changes are made to the estimated matrix. This
process is repeated for each projection in a first step, and, in a second step, also for the
whole dataset until the residual error between the measured data and estimated matrix falls
below a predesignated value. Iterative schemes are used relatively sparingly in standard CT
scanning.

3D renderings of the data obtained after the reconstruction may be made by electronically
stacking up the slices. These 3D renderings may be also sectioned in arbitrary ways and
could be planed, zoomed and rotated to better locate individual details. While the slice
image and 3D renderings are very useful for making qualitative observations of an internal
concrete structure, the real benefit is the quantitative information that can be extracted from
the 3D data sets (Ohgughi et al., 1989).

Different methods may be applied to extract quantitative architectural parameters from the
tomographic images. In the field of bone research, different ways have been proposed to
quantify bone micro-architecture. The 3D Mean Intercept Length (MIL) method may
provide estimation of trabecular thickness and spacing, based on structural geometry
assumptions, e.g. parallel plate model (Hildebrand & Ruegsegger, 1997a). However, using
3D images, such assumptions can be avoided, allowing the achievement of new model-
independent quantitative parameters (Hildebrand & Ruegsegger, 1997b). Other methods,
e.g. star volume distribution and star length distribution and applications of synchrotron
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and conventional CT have been reviewed in (Wellington & Vinegar, 1987; Bonse & Busch,
1999; Ketcham & Carlson, 2001).

3. Synchrotron radiation microtomography for the ex-vivo and in-vivo
evaluation of nanoparticle-labelled stem cell homing in muscular tissue

In recent works (Torrente et al., 2004; Gavina et al., 2006) it was shown that, after intra-
arterial delivery to murine dystrophic muscle, human blood-derived CD133+ cells localize
under the basal lamina and express the satellite cells markers M-cadherin and Myf5,
differentiating into human muscle fibers and causing a significant amelioration of skeletal
muscle structure.

The elucidation of the mechanisms involved in muscle homing of stem cells can aid in
improving a potential therapy for muscular dystrophy based on the systemic delivery of
such stem cells.

Combining nanoparticle cell labelling (A.K.Gupta & M.Gupta, 2005; Reimer & Weissleder,
1996) and X-ray synchrotron radiation micro-CT it is possible to provide detailed
information on the stem cell migration in 3D, which are not attainable by traditional
methods based on 2D techniques. In particular, micro-CT can give a relative local snapshot
of the nanoparticle distribution (Brunke et al., 2005), with high spatial resolution images
(from 10 pm to 1 um) and high signal-to-noise ratio (Peyrin et al., 1998; Salomé et al., 1999).
Synchrotron radiation microtomography can be used for investigating the capacity of
human stem cells to repair muscle damage in Duchenne Muscular Dystrophy.

In a first step, human blood-derived CD133+ cells were isolated from mononucleated cells
collected by centrifugation (Ficoll-Hypaque; Pharmacia Biotech, Uppsala, Sweden) of
several buffy coats, diluted 1:2 in RPMI 1640 medium (GIBCO, Invitrogen Life
Technologies), incubated with CD133-phycoerythrin (CD133PE Miltenyi Biotech, Bergisch-
Gladbach, Germany), and sorted to obtain purified CD133+ cells.

Stem cells were labelled with 250 ng/ml iron-oxide nanoparticles (Endorem) (Villa et al.,
2010). Endorem is a magnetic contrast agent, based on dextran-coated Fe3;O4 nanoparticles,
with an average size of 150 nm. Labelling was performed in RPMI 1640 medium enriched
with 20 ng/ml epidermal growth factor (EGF) and 10 ng/ml basic fibroblastic growth factor
(bFGF) for 24 h. The average iron oxide content was 177 pg /cell.

The labelled CD133+ cells were injected into the femoral artery of scid/mdx mice. Different
stem cell numbers (5x104, 1x105 and 5x105) were considered, at different times (0, 2, 12 and
24 h) after injection.

Ex-vivo and in-vivo measurements were carried out at the BM05 and ID19 beamlines,
respectively, of the European Synchrotron Radiation Facility (ESRF) in Grenoble - France.
For the ex-vivo experiment, at different times (up to 24 hours) after cell transplantation
Tibialis Anterior (TA) biopsies (2x2x2 mm3) were isolated from injected legs to be studied by
u-CT (Torrente et al., 2006).

The optimal conditions for the X-ray absorption contrast among the different phases
contained in the samples under investigation was obtained by varying the X-ray energy
values between 18 and 27 keV. 1000 projections were recorded from each sample over 180°,
with an exposure time of 1 s per projection. The detection system (2048x2048 FreLoN CCD
camera) and the associated optics gave a pixel size of 1.65 um, giving a field of view of
about 3.3 x 3.3 x 3.3 mm3. TA biopsies (2x2x2 mm3) were isolated from injected legs and
analyzed, for different numbers of initially injected cells (5x105, 1x10> and 5x104), as well as
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different times after the injection (2, 12 and 24 h). In the in-vivo experiment, the living
animals were anesthetized and the thigh region (about 7.5 mm height in total) of their left
leg was exposed to the X-ray beam. X-ray beam energy was set to 24 keV; the pixel size was
fixed at 7.5 um, thus resulting in a field-of-view of 14.4 x 14.4 x 7.2 mm?3 (2048 x 2048 x 1024
voxels); 700 projections were collected with an acquisition time of 0.2 s/projection, giving a
total radiation dose on the mouse of 40 - 45 Gy. Tomograms of the thigh region taken at 0
(actually approx. 10 min.), 2, 13 and 24 hours after injection were taken, in 3 different
consecutive regions-of-interest (ROI) along the direction “parallel” to the femur, for a total
thickness of 5.4 mm.

3.1 Ex-vivo experiments

The labelled cells are visualized as red spots in the reconstructed 3D volumes (Figure 1). A
more accurate observation of the spatial distribution of the particles can be obtained by
"deleting" the other phases by software (Figure 2).

The signal of labelled cells was clear at all concentrations greater than 5x104 cells. No
difference in the location of stem cells was observed at different times after injection, and
stem cells appear to be distributed along the vessels.

The volume fraction of migrated labelled stem cells was calculated by counting their
corresponding pixels (Figure 3).

In order to make sure that the Endorem signal is actually associated to the labelled CD133+
stem cells, muscle biopsies from mice injected with unlabelled cells and with “naked”
Endorem nanoparticles were analyzed. No detectable signal was found in muscles injected
with unlabelled CD133+ cells, as well as no Endorem nanoparticles were observed within
the skeletal muscle after intra-arterial injection.

Fig. 1. 3D display showing the distribution of labelled stem cells ( 5x105 injected cells, 24 h
after injection; red: labelled cells, green: vessels, blue: muscular tissue).
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Fig. 2. 3D distribution of labelled stem cells (in red) within the muscle biopsies, 12 h after

injection; A) 5x10¢, B) 1x105, C) 5x105 injected cells.
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Fig. 3. Volume fraction of labelled cells in the muscle biopsies, 12 h after injection.
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3.2 In-vivo experiments

The kinetics of the migration of stem cells into the muscular tissue was followed in the
living mice, after injection of 5x105 cells. To this end, one should notice that: i) u-CT can
reconstruct only objects that stay in place during the data acquisition, so that the signal
coming from Endorem-labelled cells can only be due to cells that have actually migrated
into the tissue, and not to those remained in the blood stream inside the vessels; ii) the small
movements of the anesthetized animals, essentially due to their heartbeat (~ 10 Hz), induces
two oscillations of the tissue during the acquisition time of each projection (0.2 s). Therefore
the beam “sees” an apparent size of the cell as big as twice the oscillation amplitude; on this
basis, assuming an oscillation amplitude of 200-300 um, a factor ~ 50 in the apparent
(measured) volume fraction with respect to the real one can be estimated.

Anyway, even though on a relative scale, the evaluation of the time evolution of this
parameter is very important for the understanding of the migration kinetics.

Figure 4 shows the 3D distribution of the labelled stem cells in the investigated ROI (thigh
region), for different times after injection.

Fig. 4. 3D distribution of labelled stem cells in the femur region of the living mice, at
different times after injection of 5x10° cells.

In order to put into evidence the stem cells only, other tissues were eliminated by software
in the image; anyway the femur bone could not be cancelled, as its absorption coefficient is
similar to the Endorem one and the two corresponding peaks in the grey level histogram are
superimposed. Therefore, the calculation of the apparent (in the sense described above)
volume fraction of the stem cells was performed excluding the thigh region where the femur
is present. The result for the calculated apparent volume fraction are shown in Figure 5, in
which the most important feature evidenced is that the volume fraction is saturated after 2h.
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In other words, the migration of the stem cells from the blood vessels to the muscular tissue
happens within the first two hours from the injection. Synchrotron radiation micro-CT
proved to be a powerful tool for the investigation of the labelled stem cells migration within
the muscular tissue.

apparent Endorem volume fraction (%)

0 5 10 15 20 25
time after injection (h)

Fig. 5. Time evolution of the apparent volume fraction of labelled stem cells migrated into
the muscular tissue, after injection of 5x105 cells.

4. High-resolution X-ray microtomography for 3D imaging of cardiac
progenitor cell homing in infarcted rat hearts

Experimental and clinical observations on the plasticity of adult stem cells has provided
new tools in understanding the pathophysiology of cardiac diseases opening new strategies
for the treatment of heart failure. Recent published reports (Leri et al., 2008; Kajstura et al.,
2008; et al., 2006; Wollert et al., 2004; Balsam et al., 2004) have contributed to identify the
possible approaches of cellular therapy to generate new myocardium, involving systemic
and local mobilization of progenitor cells. Moreover, different laboratories (Beltrami et al.,
2003; Oyama et al., 2007; Barile et al., 2007; Matsuura et al., 2004; Bearzi et al. 2007) have
recently made available the unequivocal documentation of the existence, in the adult murine
and human heart, of primitive cells able to generate all the different component structures of
the myocardium. The possibility to rebuild muscle, arteries and capillaries is the necessary
requirement to obtain successful approaches in cardiac regeneration, especially when taking
into account the evidence that formation or implantation of a single cellular component will
inevitably fail to repair the damaged organ (Menasche et al., 2008).

At tissue level of organization, microscopy techniques attempting to visualize the tissue
rebuilding process, such as light, fluorescence, scanning and transmission electron
microscopy are limited to two-dimensional (2D) local information or, otherwise, require
laborious three-dimensional (3D) reconstruction of serial sections.

In-vivo imaging methods, including MRI, PET and micro-CT, have the potential to play a
major role in the setting attempting to allow quantification of the rebuilding process,
including longitudinal cell tracking (Badea et al., 2006; De Vries et al., 2005, Dhodapkar et
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al., 2001; Schambach et al., 2010). On the other hand, current radiologic 3D-methods, possess
intrinsic limitations to identify the localization and fate of the injected cells in both clinical
(Frangioni & Hajjar , 2004) and experimental (Li et al.,2009; Toyama et al., 2004; Kudo et al.,
2002; Schelbert et al.,, 2003) settings. All these contentions related to cell tracking
methodologies for myocardial regeneration have been elegantly described (Terrovitis et al.,
2010). Furthermore, a recent published report (Badea et al., 2006) comparing two imaging
methods - namely MRM and micro-CT - for in-vivo preclinical studies on rodents, argued
that both techniques require scan times that are much longer than a single respiratory or
cardiac cycle. Real time imaging is not possible with the current state-of-the-art, unless
active control of ventilation - that requires complex intubation of the animal - is performed.
These serious limitations related to the observation of a beating heart (existing also in the
other mentioned in-vivo experiments involving other imaging techniques), do not exist in
the present work, which allows the visualization in 3D and at high-resolution (10-50 times
higher than MRI) of the injected cells, with the possibility to quantify them and observe their
fate within the myocardium one week after the injection.

In a recent study (Giuliani et al., 2010) it is explored the use of micro-CT as an experimental
technique with high spatial resolution for detection of rat Cardiac Progenitor Cells (CPCs),
previously labelled with iron oxide nanoparticles, inside the infarcted rat heart, one week
after injection and in ex-vivo conditions. This work contributes to understand how and to
which extent the injected cells are able to migrate and regenerate the damaged myocardium.
This technique was demonstrated to offer the possibility of obtaining a 3D visualization of
the cell spatial distribution and a quantification of the number of cells that are able to
migrate from the site of injection to different areas of the rat heart tissue, with special
reference to the infarcted myocardium. Importantly, to assess the validity of this approach,
two additional independent methodologies of cell tracking, Quantum Dots labelling and
genetically engineered EGFP cells, were applied.

The study population consisted of male Wistar rats (Rattus norvegicus) breed in the animal
facility of the University of Parma - Dept. of Pathology, age 12-14 wk, weighing 350 - 400 g.
An additional group of enhanced-Green Fluorescent Protein (GFP) transgenic rats were
employed and kindly provided by Dr Okabe (Okabe et al., 1997).

Myocardial infarction was produced in rats and three weeks later implantation of 5 x 105 rat
clonogenic CPCs (MI-FeCell group) was performed. Cells were labelled with Feridex
Nanoparticles and supplemented with Hepatocyte Growth Factor (HGF, PeproTech EC,
London, UK) and Insulin-Like Growth Factor-1 (IGF-1, PeproTech EC). Two animals were
treated with implantation of equal number of Quantum Dots labelled (MI-QDot group)
CPCs and two additional wild type animals with green fluorescence positive (GFPpros)-CPCs
isolated from EGFP transgenic rats, both supplemented with HGF and IGF-1. One week
later animals were sacrificed and the hearts were perfusion-fixed for analysis.

CPCs and GFPros-CPCs were obtained from 3 month old Wistar rats or enhanced-Green
Fluorescent Protein (GFP) rat hearts, respectively, by Langhendorff perfusion apparatus as
described in (Beltrami et al., 2003) with minor modifications. The solution containing all
cells was washed several times, centrifuged at 300 rpm to remove cardiomyocytes and then
submitted to Percoll (Sigma, Italy) gradient to further enrich the fraction of small cells. The
cell layer visualized at the interface of the desired gradient was centrifuged at 1000 rpm and
cells re-suspended in 10 ml of culture medium containing Iscove Modified Dulbecco’s
Medium (IMDM, Sigma, Italy) supplemented with 1% Penicillin-Streptomycin (P/S, Sigma,
Italy), 1% Insulin-Transferrin-Sodium Selenite (I/T/S, Sigma, Italy), 10% Fetal Bovine Serum
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(FBS, Sigma, Italy) and 10 ng/ml Basic-Fibroblast Growth Factor (b-FGF, Sigma, Italy) and
seeded in Petri dishes (Corning, USA) placed at 37°C-5% CO; for their amplification.
Microscopic observation of cultures showed the growth of two different adherent cell
populations, one with mesenchymal-like and one with monomorphic blast-like characteristics.
This latter population constituted the so-called Cardiac Progenitor Cells (CPCs) provided by
clonogenic growth and multipotency (Beltrami et al., 2003). These cells were amplified for
several passages and cryopreserved in aliquots in a medium composed by FBS supplemented
with 1% Dimethylsulphoxide (DMSO, Sigma, Italy) when needed for our experimental plan.
To detect homing and engraftment of the injected cells into murine hearts, CPCs were
processed using the following protocols before their injection.

Before injection CPCs were loaded with super paramagnetic iron oxide nanoparticles
(Feridex -Poly-L-Lysine (PLL) complex composed of 25ugFe/ml + PLL 375 ng/ml) for 24
hours. Then, medium was removed, CPCs washed with phosphate buffered saline (PBS)
and trypsinized to be injected. Furthermore, Qtracker® 585 Cell Labelling Kit (QDots,
Invitrogen, Italia) were employed, possessing an emission at 585 nm wavelength able to
show QDots in yellow fluorescence after UV lamp excitation.

CPCs were stained with Qtracker® 585 Cell Labelling Kit which uses a custom targeting
peptide to deliver yellow-fluorescent QDot® 585 nanocrystals into the cytoplasm of living
cells. The protocol was performed following manufacture’s suggestions.

In order to verify the efficiency of cell labelling, immediately before injection an aliquot of
CPC suspensions was analysed under a fluorescence microscope equipped with UV lamp.

A micro-CT system (Beamline BMO05 at the European Synchrotron Radiation Facility - ESRF
Grenoble, France) was used to non-destructively image and quantify the 3Dmicrostructural
morphology of each rat heart. The micro-CT experiment was performed in two modes: with
a 15keV monochromatic X-ray beam and a sample-to-detector distance of 25 mm for the
absorption-contrast and 500 mm for the phase-contrast, respectively. The acquisition setup
was based on previously described (Torrente et al., 2006; Salome et al., 1999) 3D parallel
tomography. 1500 projections and a step of 0.12 degrees were considered for each sample,
with an exposure time of 1 s per projection.

3D reconstructions of the samples were obtained from the two series of 2D projections (for
each sample one in absorption and the other one in phase-contrast configuration) using a 3D
filtered back projection algorithm implemented at ESRF. The different phases found in the
histogram referring to the reconstruction of the in-absorption acquisitions were coloured
using a 3D display software in order to make them more easily recognizable. Furthermore,
as the acquisitions were performed simultaneously, the combining absorption and phase
contrast images did not required their geometric warping so that the corresponding image is
structured correctly. Therefore, synchronization may be interactive or partially or fully
automatic with help of a fusion algorithm which is described elsewhere (Stokking et al.,
2003). The full fusion automatic algorithm was used. This exact synchronization of data sets
provides capacity for image fusion with superimposition of both sets of imaging data in one
image data set for further 3D visualization.

4.1 Fluorescence analysis

Once inside the cells, Qtracker® label provide intense, stable fluorescence that can be traced
through several generations. QDots are not transferred to adjacent cells in a population of
growing cells, enabling long-term studies of live cells and tissues.
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CPCs pre-loaded with 585 QDots, were implanted by 3 injections in the peri-infarct region of
the left ventricular wall of chronically infarcted heart. After heart excision, tissue sections of
LV, RV and S were analyzed under UV-light and the fluorescence intensity of the QDots
positive areas were analysed in photomicrographs covering the entire heart (Figure 6, A-B).

Fig. 6. Transverse section of a paraffin-embedded infarcted heart injected with CPCs and
analyzed under UV-light to document the distribution of QDot labelled CPCs. Scale bars
correspond to 1 mm in the left panels and to 200 um in the right ones.

The results showed that CPC-related QDot signal was found in all regions of the heart
although with different distribution and intensity. QDot-fluorescence was high and
uniformly distributed in the infarcted (MI) and peri-infarcted (BZ) regions, from the site of
injection following the total extension of the scar.

QDots were also occasionally found at very low occurrence in the spared myocardium (SP)
and in the right ventricle (RV), far from the infarcted area and from the injection site.

To ascertain whether QDots signals were associated to living cells and not to nanoparticles
released from death cells and uptaken by macrophages, the presence of GFPres cells in
hearts injected with CPCs from EGFP transgenic rats was assessed. Immunofluorescence
analysis showed that the distribution of GFPres cells present in the infarcted and spared
myocardium one week after injection of GFPros CPCs, was similar to that observed in MI-
QDots group. Interestingly, GFPros/a-Sarcres myocytes constituted ~15% of these cells and
reached an average volume of 980+125 um3. The average cell volume of the remaining ~85%
of GFPros cells found in the myocardium was 455 + 76 um3.

4.2 Micro-CT analysis

The micro-CT analysis was used to non-destructively image and characterize, in absorption
and in phase-contrast configuration, the 3D distribution of the rat CPCs one week after their
injection into an infarcted rat heart. Two biopsies of infarcted rat hearts, both injected with
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5-105 stem cells labelled by iron-oxide nanoparticles, 1 week after injection were analyzed.
The harvested heart samples were scanned and projection data were obtained and
reconstructed into 2D images. A portion of a reconstructed 2D slice is shown in Figure 7 (A).
The basic physical parameter quantified in each pixel of an absorption micro-CT image and
exploited to obtain the contrast is the linear X-ray attenuation coefficient p. The X-ray
attenuation produced by the Feridex-positive stem cells is higher than attenuation referred
to the other tissues of the injected hearts, allowing their visualization as bright spots in the
2D images (magenta coloured spots in Figure 7 (A)). The differences in the X-rays
absorption rate within the samples translate into different peaks in the grey level scale
corresponding to the different phases. The histogram of the grey level scale is shown in
Figure 7 (B) and 7 (C). The volume of each phase is obtained by multiplying the volume of a
voxel (~125 pm?3) by the number of voxels underlying the peak associated with the specific
phase. The volume percentage of the CPCs respect to the total investigated volumes is very
low (as shown in Table 1), as expected by considering the amount of the injected CPCs: for
this reason the peak corresponding to the labelled CPC phase is not visible in Figure 7 (B)
but can be easily detected in the inset (Figure 7 (C)), magnifying the respective portion of the
histogram.

The slice images were compiled and analysed to render 3D images and to obtain a better
visualization of the stem cell distribution after their injection in the infarcted rat hearts.
Regions of interest were selected in each slice image and thresholded to eliminate
background noise. The thresholded 3D volumes were converted into coloured images using
a 3D display software, by means it is possible to correlate the bright spots of labelled cells
present in the 2D images (Figure 7 (A)) with the spots distributed in the 3D reconstruction
(Figure 8 (C) and (D)).

3D display of fusion images is represented on Figure 8. In combined imaging,
morphological information about heart tissue from phase contrast is complemented and
extended by the functional information on labelled-CPCs supplied from absorption mode.
Furthermore, the simple segmentation process provides information on the internal
structure of the heart (Figure 8 (B)) and the distribution of the CPCs within it (Figure 8 (C)
and (D)). Subsequently, different 3D sub-regions of interest with detailed information are
illustrated in Figure 8 (E) and (F).

No dramatic difference in the location of stem cells was observed in the two hearts: the
percentage of migrated labelled stem cells from the injection area to the infarcted area or
towards other areas was calculated by counting their corresponding pixels, using the
algorithm that automatically separates them from the other tissues. The obtained data were
expressed as percentage of the analysed sample volume and are listed in Table 1.

The micro-CT was used to image and characterize the 3D spatial distribution of injected rat
clonogenic cells (CPCs) inside the heart tissue of infarcted mice after cell labelling by iron
oxide nanoparticles.

The 3D visualization of the spatial distribution of the grafted cells with respect to
myocardium and vascular system was obtained. In particular, the X-ray absorption of the
labelled cells was higher than that of host tissues, allowing their visualization as bright spots
in the 2D images (Figure 7).

These slice images were compiled and analyzed to render 3D images and to obtain a better
visualization of cell distribution within the samples (Figure 8). One week after injection,
labelled cells were distributed mostly in proximity and towards the damaged infarcted area
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(Figure 8 (F)), demonstrating migration of CPCs from the injection site made around the
coronary binding. It was also possible to identify finger-like cell structures in the inner part
of the left ventricular wall (Figure 8 (D) and Figure 8 (F)).

It was also observed single smaller units, in all areas of the heart, as in the atria, in large
vessels (Figure 8 (E)) and in the right ventricle. These are very important and new data: in
particular they constitute a confirmation that these cells can migrate through the
myocardium by a biological mechanism which is still unknown.

Total
Volume of Total CPC
Volume | Infarcted | Perinfarcted | Remaining Total CPC
the ¢ Volume b
investigated Vt"to* A(f ea Aor ea Aor ea Fraction | "¢
e CPC: (%) (%) (%) %) N
[1tm?] [um3]
San;ple 321676 106 | 595 106 | 77.9 4.3 17.8 018 |~1.11X106
Sarﬁple 331265 106 | 995 106 | 97.8 1.6 0.6 0.30 |~ 1.86X106

* Total Volume filled by the CPCs [um?]

Table 1. Quantitative Parameters obtained in absorption configuration.

Fig. 7. (A) Portion of a reconstructed 2D slice. The X-ray attenuation produced by the
labelled cells is higher than attenuation referred to the other tissues of the injected hearts,
allowing their visualization as bright spots in the 2D images (magenta coloured spots). (B)
The histogram of the grey level scale corresponding to the different detected phases. (C)
Magnification of the portion of the histogram shown in B referred to the peak corresponding
to the labelled cells grey level.

www.intechopen.com



Synchrotron Radiation and Nanotechnologyfor Stem Cell Research 697

Fig. 8. (A) 3D display of fusion images. The simple segmentation process provides
information on the internal structure of the heart (B) and the distribution of labelled cells (C)
and (D). Fusion images of two different 3D sub regions of interest: (E) - atria and large
vessels; (F) - infarcted area. Individual cells and small cell clusters are pointed out in the
lighted circles.
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Importantly, results obtained by micro-CT were in close agreement with imaging of the
distribution of QDots, strongly suggesting the validity of these methodologies to detect cell
engraftment within the damaged heart.

The issue whether either iron particles, as detected here by micro-CT, or QDots
nanoparticles, as detetcted by UV excitation, could only represent unreliable signals of
macrophages uptaking tracers released by dying cells, remains an unresolved problem
especially on clinical ground. However, an effort was made by the present investigation to
apply a third independent genetic marker to visualize the progeny of the injected cells.
Thus, CPCs from rats carrying the EGFP transgene were employed and GFP labelled cells
counted by immunofluorescence. This approach allowed us to ensure that the progeny of
the injected cells was present in the infarcted heart and with a similar distribution to that
observed with QDots labelling and micro-CT imaging. Importantly, not only survival but
also differentiation of CPCs into cardiomyocytes was demonstrated by the presence of GFP
positive cells with o-sarcomeric striation. Thus, whether unspecific signals were
concomitantly detected by fluorescence or X ray cannot be excluded although with minimal
impact on the overall results.

Indeed, it was estimated the total number N of the cells found in the hearts one week after
CPC injection (as reported in Table 1). It was found out that in both hearts the number N of
CPC-derived cells is more than doubled with respect to the number of injected CPCs,
demonstrating that, at least for labelled CPCs and at a week from injection, the presence of
Feridex does not dramatically affect the CPC life span.

In conclusion, the obtained 3D images represent a very innovative progress, as compared to
the usual 2D histological images, which do not provide the overall 3D distribution of rat
clonogenic cells and their progeny within the heart, providing biological insights into the
early processes of cell migration.

5. Application of X-ray synchrotron radiation techniques to bone tissue
engineering

Tissue engineering is a promising approach to create artificial constructs for repairing or
replacing partially or entirely diseased tissues (Williams, 2004; Langer & Vacanti, 1993).

A key component in tissue engineering for bone regeneration is the scaffold, which acts as a
template for cell interactions and for the growth of bone extracellular matrix to provide
structural support for the newly formed tissue (Karageorgiou & Kaplan, 2005). Many
researchers have tried to define which properties are required for the optimal synthetic
scaffold, in particular for bone tissue replacement (Hutmacher, 2000).

Ideally, scaffolds should possess adequate mechanical strength and permeability (van
Lenthe et al., 2007), high porosity (Shi et al., 2007), large surface area to volume ratio, as well
as biocompatibility and non- toxicity (Murugan & Ramakrishna, 2006). Moreover, pore
interconnectivity is an important scaffold criterion (Moore et al., 2004) which influences
nutrient supply (Hui et al., 1996), circulation of extracellular material (Gross & Rodriguez-
Lorenzo, 2004), the contact between adjacent cells (Darling & Sun, 2004), and the promotion
of blood vessel and bone tissue ingrowth (Kuboki et al., 1998).

Commonly, two-dimensional (2D) investigation methods, such as scanning electron
microscopy (SEM) are used for the characterization and comparison of the scaffolds.
Unfortunately, these methods do not allow a complete investigation of the three
dimensional (3D) spatial structure of the scaffold. More recently, micro-CT has been
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proposed for the characterization of scaffolds and 3D bone ingrowth (Mastrogiacomo et al.,
2004).

In the recent years, a lot of progress was obtained in the field of bone tissue engineering by
using innovative analytical and diagnostic imaging techniques, such as micro-CT and
pseudo-holotomography.

X-ray synchrotron microtomography was applied (Komlev et al., 2006) to investigate highly
porous hydroxyapatite scaffolds, previously seeded with bone marrow stromal cells
(BMSC), implanted in an immunodeficient murine model. It was proved that it was possible
to obtain in a nondestructive way a quantitative analysis of tissue engineering constructs,
determining the total volume and thickness distribution of newly formed bone into implants
in a small animal model, by using the micro-CT technique. This methodology offers major
advantages, including the possibility of investigating the influence of scaffold parameters,
such as porosity and spatial distribution of the structure thickness, on the bone growth
within the implant.

Very recently, different ceramic scaffolds with high porosity were characterized (Komlev et
al., 2010) and it was evaluated the bone growth into the tissue engineering constructs ex vivo
at different implantation times, by using synchrotron radiation micro-CT. In this study,
three types of ceramic scaffolds with different composition and structure (namely synthetic
100% hydroxyapatite (HA; Engipore), synthetic calcium phosphate multiphase biomaterial
containing 67% silicon stabilized tricalcium phosphate (Si-TCP; Skelite™) and natural bone
mineral derived scaffolds (Bio-oss®), were seeded with mesenchymal stem cells (BMSC) and
ectopically implanted for 8 and 16 weeks in immunodeficient mice. X-ray synchrotron
radiation microtomography was used to derive 3D structural information on the same
scaffolds, both before and after implantation. The images of the three scaffolds before
implantation revealed an appreciable difference among their morphologies (Figure 9). In
particular, the Bio-Oss®, contained elongated ellipsoidal pores, whereas the HA scaffold
contained roughly spherical pores.

Engipore Aimin SkeliteTM » Bio-Oss®

Fig. 9. 3D display of different scaffolds before implantation: (A) Engipore (hydroxyapatite)
produced by FinCeramica, Faenza, Italy; (B) SkeliteTM (silicon-stabilized tricalcium
phosphate) produced by Millenium Biologics Kingston, Ontario, Canada; (C) Bio-Oss®
(natural bone mineral) produced by Geistlich Pharma AG, Wolhusen, Switzerland (Komlev
et al., 2010).

Figure 10 (Panels A1-C1), obtained by an innovative imaging procedure, gives an
instantaneous pictorial view of the wall thickness distribution in the scaffold and confirms
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the results previously obtained in (Papadimitropoulos et al., 2007), namely biodegradation
for the Si-TCP scaffold and lack of it for the HA scaffold. The newly investigated Bio-Oss®
showed a very little decrease of the scaffold wall thickness; the decrease was at the limit of
detectability, and needs to be confirmed by additional experiments.

Based on these findings, the scaffold biodegradation in the tissue engineered implanted
constructs was investigated after 16 weeks implantation only for the Skelite™. 3D displays
of registered images of pre- and post implantation Skelite™ samples implanted for 8 (A)
and 16 (B) weeks are presented in Figure 11 (panels A-B). As it appears in the images in
Figure 10 (panel B2), blue and yellow correspond to totally or partially resorbed scaffold.
The volume percentage distribution of the different phases is presented in panels Al and B1.
An increase in the percentage of the resorbed scaffold was observed in the case of a longer
implantation time.

The analysis proposed in the manuscript (Komlev et al., 2010) is, therefore, a major
improvement as compared to the imaging procedure adopted in our previous work
(Papadimitropoulos et al., 2007), where only a comparison between different subvolumes of
the implants before and after implantation was made.

Fig. 10. 3D display of subvolumes of scaffolds before and after implantation: (A) Engipore;
(B) SkeliteTM; (C) Bio-Oss®; (A1-C1). New bone (pink) on the surface of the scaffolds
(white). In the panels A2-C2 are presented the images obtained by combining (registering)
the data of panels A0-C0O with those of panels Al- C1. Blue volumes indicate portions of
scaffolds present in panels A0-CO (pre-implant) and absent in panels A1-C1 (after
implantation) and correspond to completely resorbed scaffold. Yellow volumes indicate
virgin scaffold volume in which after implantation a reduction of the sample density is
observed (Komlev et al., 2010).
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Finally, a high content of innovation is associated to the detailed kinetics studies on the
Skelite™ scaffolds implanted for different times, not only due to the large number of the
implantation times investigated, but also to the recording in the X-ray absorption
histograms of separate peaks associated to HA and TCP in the same scaffold (Figure 12).

It is therefore possible to observe that the progressive biodegradation of Skelite™ scaffold is
eventually due to the TCP component. It should be noted that when investigated by
microdiffraction studies, the local structural study at the interface between the newly
formed bone and the Skelite™ scaffold indicated that scaffold biodegradation was mainly
due to TCP depletion (Papadimitropoulos et al., 2007).

Moreover, saturation in the TCP biodegradation occurred at an implantation time of about
10 weeks, whereas saturation in the tissue engineered bone occurred at an implantation time
of about 22 weeks.

This could indicate that the bone growth did not occur only in the scaffold volume that was
resorbed, but also in the inward direction with respect to the pore surface. This finding is in
agreement with the results presented in Figure 5 of reference (Mastrogiacomo et al., 2007),
and in Figure 4 of reference (Papadimitropoulos et al., 2007).

Fig. 11. Display based on a combination of the 3D structure of pre- and post implanted
SkeliteTM samples for 8 (A) and 16 (B) weeks, respectively (white - scaffold; pink - new
bone; blue - total resorption; yellow - partial resorption (see caption of Figure 10). (A1-B1)
volume percentage distribution of the different phases (Komlev et al., 2010).
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Fig. 12. Volume histograms of SkeliteTM scaffolds implanted from 3 days to 24 weeks (NB -
new bone, TCP - tricalcium phosphate, HA - hydroxyapatite). (A) New bone deposition
kinetics; (B) Percentage of bone volume/ total volume; (C) TCP/HA mean ratio as a
function of the implantation time (Komlev et al., 2010).

Figure 13 (A) and (B) presents a 3D reconstruction of a bone tissue- engineered construct, 24
weeks after the implantation. Three phases are clearly distinguishable: the scaffold (white),
the engineered bone (light brown), and the vessel networks within the pores (green). In
Figure 13 (B), the engineered bone was removed by digital processing to obtain a clearer
evidence of vessel network structure.

Fig. 13. 3D enhanced contrast micro-CT images of the tissue-engineered construct after 24
weeks of implantation in an immunocompromised mouse. (Komlev et al., 2009).
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In absorption micro-CT, the image contrast results from the difference among different
attenuation coefficients of X-ray for the different materials. Unfortunately, X-ray attenuation
coefficients of soft tissues are low, and, thus, the contrast difference of these structures is
low, unless a contrast agent is adopted. Therefore, in a recent study (Komlev et al., 2009), it
was proposed to use X-ray synchrotron radiation pseudo-holotomography to visualize
microvascular networks, at a three-dimensional (3D) level, for the first time with no need for
contrast agents, and to extract quantitative structural data in a Bioceramic/MSC composite
implanted for 24 weeks in a mouse.

The enhanced contrast micro-CT technique is a new imaging method based on classical
micro-CT and recently developed technique of holotomography. By using a coherent X-ray
beam, phase contrast may be simply obtained by free space propagation (i.e., by positioning
the detector at some distance from the sample), while a 2D projection of the phase map can
be obtained from three or four series of images, each series being recorded at different
distance from the object for each rotation angles considered. Then, the 3D phase map is
reconstructed with the same algorithm as in classical tomography (Cloetens, 2009). Anyway,
through the weighted superposition of both attenuation and phase maps (enhance contrast
micro-CT), it is possible to generate better images.

Vessels are easy to see also in 2D micro-CT images (Figure 14 (A)). Figure 14 (B) shows a
histogram of the 3D vessel diameter distribution measured within the full volume of the
sample implanted for 24 weeks. The mean vessel diameter measured from pseudo-
holotomography data was 49+25 pm. This value was comparable to the 47+18 pm measured
in control histology sections.
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Fig. 14. 2D micro-CT image (A) and (B) histogram of the vessel diameter distribution
measured for pseudo-holotomography data (open circle) and histology (solid circle)
(Komlev et al., 2009).

This progress could be extrapolated to different biomedical research areas where
angiogenesis and microvasculogenesis play an important role, as for the development of
tissues such as bone, in regenerative medicine, or in pathologies characterized by
inflammation and tissue damage such as diabetes, osteoarthritis, and muscular dystrophy.
Of great interest could also be the application of the pseudo-holotomography to
investigations of therapeutical roadmaps for tumor treatment involving the suppression of
vascularization.
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