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1.1  Introduction

There has been steady progress of the development of methodologies or tech
niques to identify stem cells. While the cell surface markers [1, 2] and gene 
upregulation [3] provide strong evidence for the identity of stem cells, these 
unique and potent cells are primarily characterized by their ability to self‐ 
replicate without differentiation and in response to various cues initiate and 
execute intracellular processes that lead to specialized cell types and tissues [4]. 
Stem cells have been classified into several categories including totipotent, 
pluripotent, multipotent, and unipotent stem cells. The so‐called plasticity of 
stem cells varies from one type of stem cells to another. Totipotent stem cells 
are formed by fertilizing an egg and considered the most versatile [5]. By defi
nition, the totipotent stem cells give rise to all cell types but are not widely used 
in tissue engineering. At the early stage of embryonic development (~4 days), 
the cells become more specialized, and they are referred to as pluripotent or 
embryonic stem cells (Figure 1.1). Pluripotent stem cells (PSCs) still provide 
the potential for formation of all tissue types but not necessarily an entire 
organism [6]. Multipotent stem cells (sometimes referred to as adult stem cells) 
are considered less plastic and can give rise to limited phenotypes. Found in 
various tissues, the multipotent stem cells can remain in a quiescent state until 
they are activated by external or internal cues to repair and replace the dam
aged tissue [7, 8]. Among the adult stem cells, mesenchymal stem cells (MSCs) 
have been shown to be capable of promising cell‐based therapies. The factors 
contributing to the potential MSC therapeutics include relatively easy iso
lation, proliferative capacity to produce a large population of MSCs, and 
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1 Stem Cell Tissue Engineering and Regenerative Medicine: Role of Imaging4

multipotency. Unipotent stem cells (sometimes interchangeably referred to as 
progenitor cells) are typically tissue specific and give rise to one cell type [9].

A new class of stem cell has recently been introduced to tissue engineering: 
inducible pluripotent stem cells (iPSCs). iPSCs are derived from terminally dif
ferentiated adult cells by genetic reprogramming to behave like pluripotent 
stem cells (Figure 1.1; Ref. [10]). This class of stem cells is rapidly gaining popu
larity in tissue engineering for the potential that the use of autologous cells may 
bring us one step closer to achieving regenerative and personalized medicine. 
iPSCs demonstrate the properties similar to embryonic stem cells such as 
 formation of teratomas, indicating the pluripotency could be comparable. 
However, iPSCs are not considered identical, nor is it fully established whether 
this class of reprogrammed stem cells is as clinically viable. One significant 
challenge still remains in that reprogramming somatic cells rely on transfec
tion with selective genes and factors using viruses as the delivery vehicle [11]. 
Development of nonviral deliveries would no doubt enhance significantly the 
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Figure 1.1 A schematic of stem cell hierarchy. Harvested from the inner lining of a 
blastocyst, pluripotent embryonic stem cells have been shown to differentiate to all three 
germ layers. Adult stem cells, including hematopoietic and mesenchymal stem cells (MSCs) 
as well as tissue‐resident stem cells, may be differentiated to multiple phenotypes. Recent 
discoveries indicate that, when genetically reprogrammed, inducible pluripotent stem 
cells (iPSCs) can be derived from somatic cells that behave similar to embryonic stem 
cells (indicated by the dotted lines). If proven, the ethical issues associated with the use 
of embryonic stem cells may no longer be hindrance.
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1.2 D Biomimetics 5

goal of applying and manipulating dedifferentiated cells for restoration and/or 
regeneration of lost and damaged tissues. It should be noted, however, that the 
reprogramming efficiency remains very low. More reliable methodologies 
would have to be developed and refined before the iPSC potential can be fully 
realized for tissue engineering and regenerative medicine.

1.2  3D Biomimetics

One of the critical components that will advance the goal of regenerative medi
cine is the development of appropriate 3D scaffolds. This is rather a daunting 
task because there is no one scaffold design and type that may be suitable for 
every tissue engineering application. It is more likely that various scaffolds 
would have to be developed, tested, and optimized for specific tissue pheno
type. For example, it is intuitively clear that while the use of mechanically and 
structurally hard scaffold is acceptable to repair damaged bone, the same 
 biomaterial is not suited to repair/regenerative soft tissues such as skin or brain. 
A better understanding of the role of biomimetics will be essential in  advancing 
the field of stem cell tissue engineering. Successful design of biomimetics that 
targets a specific tissue type must be based on recapitulating the biological, 
mechanical, and topological factors applicable to that natural tissue and thus 
guiding stem cells to the intended tissue development. Indeed the scaffold 
design and engineering may be key to unleashing the full potential of stem cells 
as they are capable of regenerating tissues in vivo. The paradigm shift from 
replacing to regenerating the damaged/lost tissue will likely require continu
ous development of biocompatible and bioactive 3D scaffolds and availability 
of monitoring methodologies (e.g., imaging modalities) to determine the effi
cacy of the 3D biomimetic scaffold.

The tissue development with proper functionality typically requires bidirec
tional interactions between the cells and the microenvironment (e.g., extracellu
lar matrix or ECM) they are embedded in. Regenerative tissue engineering using 
stem cells is no exception, and biological and physical signals are to be provided 
by the appropriately designed scaffold. Extensive research effort is continuing 
across the globe to engineer and optimize the biomimetic scaffolds suitable for 
stem cell tissue engineering. Several examples include bioresorbable and biode
gradable materials for experimental and clinical purposes. Classified into two 
categories of natural and synthetic biomaterials, these materials are typically 
polymerized to form fibrous substrates. For example, natural polymers can be 
made from proteins (collagen, gelatin, fibrinogen, and silk) [12], polysaccharides 
(chitosan and glycosaminoglycans) [13], or polynucleotides (DNA and RNA) 
[14]. It is no surprise that natural materials are biocompatible and viable for cell 
attachment and growth. However, these natural scaffolds are mechanically weak 
and may not be the ideal choice for load‐bearing tissue engineering applications.
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1 Stem Cell Tissue Engineering and Regenerative Medicine: Role of Imaging6

Synthetic polymers have been extensively used to create 3D scaffolds. 
Materials such as polyethylene glycol (PEG), poly‐lactic acid (PLA), poly‐lactic‐
co‐glycolic acid (PLGA), polycaprolactone (PCL), polyvinyl alcohol (PVA), 
and polyvinyl chloride (PVC), and nylon offer not only reproducibility but 
also the potential to modify them to be tailored for the intended application. 
Introduction of the desired mechanical properties, scaffold geometry, and 
topographical features into the scaffold can be contemplated to emulate both 
soft and hard tissue microenvironments. However, the lack of cell attachment 
and proliferation poses a major difficulty for the synthetic scaffolds. For 
example, cells embedded in a PEG scaffold demonstrate behaviors that are 
much different if the same cells were seeded in a natural collagen gel 
(Figure 1.2a and b). Cells in the PEG gel form clusters and show round cell 
morphology, and may not be viable. In contrast, the same cells seeded in a 
collagen gel demonstrate spread cellular morphology and are likely suitable 
for tissue development. A potent strategy that had been proven successful is 
to chemically modify the surface of the biocompatible and yet cell‐resistant 
materials to promote and facilitate cell adhesion and growth [15, 16]. PDMS 
surface, for example, can be treated with ion plasma and create the OH group 
on the surface. The peptides (e.g., RGD) or ECM proteins (e.g., collagen) read
ily bind to the OH group and cells now can attach to the modified PDMS 
substrate (Figure 1.2c and d). Once polymer surface conjugation is understood 
and applied, multiple biological factors (e.g., growth factors) can be intro
duced to the scaffold to promote stem cell differentiation [17]. Recognizing 
the advantages and disadvantages of the natural and synthetic materials to 
engineer 3D scaffolds, a significant effort has been devoted to create compos
ite scaffolds [18] that utilize both categories of biomaterials. In principle, 
composite scaffolds allow control and manipulation of the scaffold character
istics (e.g., mechanical properties and degradation kinetics) while improving 
the biocompatibility.

It is worth noting a subset of 3D biomimetic scaffolds referred to as hydro
gels. Hydrogels are capable of accommodating and retaining a large amount of 
water [19] and thus are an excellent choice for various tissue engineering appli
cations. Hydrogels can be made for in vitro cell seeding and subsequent in vivo 
implantation [20, 21] or injectable and therefore readily form 3D structures 
in  situ within the site of damaged tissue [22, 23]. Hydrogels are chemically 
conjugated to increase their bioactivities and enhance the stem cell differentia
tion. The mechanical and architectural design of hydrogels is modulated by the 
selection of polymers, its concentration, and even polymerization kinetics. 
Because hydrogels can be tailored by optimizing the biochemical and biophysi
cal microenvironment, numerous laboratories have taken advantage of the 
hydrogels to create an in vivo‐like 3D scaffold for stem cell tissue engineering, 
particularly for chondrogenesis and cartilage tissue engineering [24, 25].
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Figure 1.2 Cell attachment to engineered scaffolds. Fibroblasts embedded in a 
polyethylene (glycol) diacrylate (PEGDA) scaffold exhibited cell clustering and round 
morphology, indicating potential apoptosis (a). Immunolabeling of viculin failed to visualize 
focal adhesions. The same cells seeded in a collagen gel appeared elongated, assumed 
spread morphology, and exhibited integrin‐dependent cell adhesion (b). Another cell‐
resistant biomaterial, polydimethylsiloxane (PDMS), is widely used in tissue engineering, 
particularly in the field of microfabrication. Cells were seeded on a PDMS substrate without 
surface conjugation (c). When treated with ion plasma and conjugated with the RGD 
tripeptide, the cells readily attached to the modified PDMS surface and grew confluent with 
the spindle‐like morphology (d). 
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1.3  Assessment of Stem Cell Differentiation 
and Tissue Development

Regenerative medicine that is based on stem cell therapy offers hope for 
treating many diseases that the current therapies are deemed inadequate. 
Continuous development of molecular imaging to probe stem cell behavior 
and intended differentiation will play key roles for facilitating the clinical strat
egies of translational stem cell therapy. However, challenges still remain to 
monitor the tissue development of stem cells implanted into a living host. For 
example, in vivo differentiation of stem cells is poor and not as reproducible 
and predicable. To circumvent this difficulty, stem cells have been differenti
ated in vitro prior to implantation [26, 27]. Incomplete stem cell differentiation 
coupled with an uncontrolled mixture of differentiated and undifferentiated 
cells renders such an implantation procedure inadequate and insufficient for 
clinical translation [28]. Further complication is compounded by the necessity 
to label individual stem cells to track them and assess the intended differentia
tion. Because the ultimate goal of stem cell tissue engineering is to regenerate 
the damaged tissue, the implanted scaffold that is seeded with stem cells must 
be monitored and imaged over time for safety and efficacy. While there are 
technically feasible methods and assays available to provide some insights, no 
definitive standards have been determined, particularly relating to the evolu
tion progress of implanted stem cell therapies.

In vitro assessment of the tissue development is plausible because there are mul
tiple molecular and genetic assay techniques and several imaging modalities that 
can be readily used. The cell surface or intracellular markers, secretion of extracel
lular matrix molecules, and gene profiling are routinely carried out to assess, 
quantify, and determine the extent of stem cell differentiation into a specified line
age. Both in vitro 2D and 3D scaffolds are easy to handle, manipulate, and image 
for tissue‐specific markers. For example, our laboratory quantified the chondro
genesis of human MSCs by staining sulfated glycosaminoglycan (sGAG; ECM 
molecule), collagen type II expression (ECM molecule), and upregulation of col
lagen type II genes [29]. Similar quantification of chondrogenesis can be achieved 
in 3D biomimetic scaffolds typically created using hydrogels [30]. Advanced 
imaging modalities such as confocal microscopy and multiphoton microscopy 
enable the researcher to probe intact 2D or 3D scaffolds with high lateral resolu
tion and penetration depths of ~150 µm or >1 mm, respectively [31, 32].

1.4  Description of Imaging Modalities for Tissue 
Engineering

There are numerous imaging modalities that have been applied to characterize 
the engineered tissue constructs. It is not our aim here to discuss exhaustively 
each of the imaging techniques. Rather, the goal is to outline several different 
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1.4 Description of Imaging Modalities for Tissue Engineering 9

modalities that offer advantages and disadvantages and therefore provide some 
pertinent information to the investigator to select imaging modalities that are 
most appropriate for particular tissue constructs. It is important to note that 
the researcher is not limited to using only one imaging modality but instead 
has the option of incorporating multiple different modalities (e.g., multimodal 
imaging) to determine, for example, the viability and functionality of the engi
neered tissue constructs, both 2D and 3D scaffolds.

1.4.1 Optical Microscopy

This simple imaging modality requires no complicated instrumentation, and 
compound lenses along with a light source are sufficient to form images of 
small‐scale objects such as living cells and tissues. The living objects, some
times referred to as phase objects, tend not to alter the amplitude of the inci
dent light because they do not typically absorb light, but rather diffract light 
and cause phase shift in the light rays passing through them. Based on this 
principle, phase microscopy was invented by Zernike and he won the Nobel 
Prize in 1953 for this work [33, 34]. Phase microscopy has been used for more 
than 50 years and yet provides a useful imaging tool to visually inspect, exam
ine, and determine some of the cellular behaviors and response in intact speci
men. This noninvasive and labeling‐free imaging modality nonetheless suffers 
from a number of disadvantages. Optics physics dictates that the resolution is 
inherently restricted to ~λ/2, where λ is the wavelength of the illuminating light 
source. For example, if one were to apply a green light source (λ = 500 nm), the 
theoretical resolution would be limited to 250 nm. While cells and internal 
organelles of microns in size are identified and visualized using phase micros
copy, the resolution is typically much lower due to imperfect lenses. Moreover, 
the phase images do not provide accurate assessment along the vertical direc
tion (e.g., Z‐axis). When applied with polarized light source and detection, 
differential interference contrast (DIC) microscopy can produce images with 
3D appearance [35]. The Nomarski optics is now widely available to generate 
3D‐like images but do not offer the capability to quantify the images in the 
vertical direction. Generally, phase microscopy is useful for visual examination 
and some quantitative image analyses but is not sufficient to elucidate with 
molecular details.

1.4.2 Fluorescence Microscopy

One of the most useful imaging modalities that is still heavily applied in bio
medical research today is referred to as fluorescence microscopy. It does not 
rely on the phase image formation but rather uses molecular compounds (e.g., 
fluorescent dyes) that, upon excitation by an external light, emit light signals in 
the visible wavelength range. This imaging technique can be applied to eluci
date cellular and molecular mechanisms. Because the fluorescent dyes them
selves act as a light source of the objects being imaged, the λ/2 theoretical 
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resolution limit is no longer applicable [36], but instead the resolution is 
 primarily determined by the microscope objective used to collect the light 
 signals (e.g., magnification and numerical aperture) and the characteristics of 
light detecting devices (e.g., charge‐coupled device or CCD camera). This 
imaging modality offers various applications relevant to tissue engineering. Ion 
specific dyes (e.g., Fluo‐4 to bind to free Ca2+) are routinely used to character
ize and determine the functionality of excitable cells such as neurons and car
diomyocytes. Novel fluorescent dyes are being continuously developed that 
allow conjugation of antibodies with fluorophores, and therefore antibody 
binding can be visualized. Because the fluorescent signal is proportional to the 
extent of molecular interactions in the liner regime, it can be calibrated to 
quantify, for example, the free Ca2+ concentration, protein expressions, or 
 protein–protein association [37, 38]. Unlike phase microscopy, fluorescence 
imaging requires molecular/chemical compounds to be introduced to the 
specimen. While there are thousands of different fluorophores already deve
loped and readily available, validated, and extensively applied, they are none
theless chemical species that might interfere with the intended observations. 
Phototoxicity [39], fluorophore bleaching [40], and quenching due to excess 
fluorophore concentration [41] could affect the specimen and generate artifacts.

Conservation of energy demands that the emitted fluorescence signals have 
longer wavelengths than the excitation lights (i.e., known as Stoke’s shift); 
therefore, well‐designed bandpass optical filters are crucial for proper use of 
fluorescence microscopy. Similar to phase microscopy, the conventional fluo
rescence imaging suffers from the lack of resolution in the Z‐axis. Signals 
detected by the pixels in a camera would have typically been integrated in 
the vertical direction; therefore, the accumulated signals are reported to the 
researcher without spatially resolved information in the vertical direction. This 
challenging technical difficulty was mitigated by the invention of confocal flu
orescence microscopy. It utilizes a physical pinhole and a stepping motor to 
discriminate emitted light signals that originate from the out‐of‐focus planes 
[42], allowing a stack of 2D images acquired at different depths of the speci
men. Many algorithms have been developed to combine stacked 2D images 
and generate reconstructed 3D images. Since the area of fluorescence signal 
collection is greatly diminished by the size of the pinhole, many confocal imag
ing systems employ photomultiplier tubes (PMTs) instead of CCD cameras. 
With easy access to lasers, laser scanning confocal instruments are preferred 
that can precisely control the spatial movement and increase the signal‐to‐
noise ratio for better quality imaging. Spatial scanning demands time and 
image acquisition is slowed. We have applied confocal fluorescence micros
copy to determine the cell penetration depth into a hybrid composite scaffold 
of PMMA–PHEMA. Migration of corneal fibroblasts into the acellular com
posite scaffold over a 2‐week period of time demonstrates that the cells can 
penetrate into the scaffold ~70 µm within the first week and a longer incuba
tion time did not increase the cell penetration depth (Figure 1.3).
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1.4.3 Multiphoton Microscopy

Understanding biological processes in living tissues is often hindered by the 
limited capabilities to observe and monitor 3D molecular interactions in real 
time. Conventional imaging techniques such as light microscopy are not able 
to image and resolve structures above and below the plane of focus. While 
confocal microscopy allows direct visualization of optical sections within a 
specimen and provides high‐quality images, there are several technical prob
lems that limit its effectiveness. Because a series of images throughout the 
thickness of a sample is typically collected, the fluorophores are often exposed 
to the exciting light source for an extended duration of time. The subsequent 
effects of this exposure include the loss of fluorophore’s ability to emit detect
able light signal (e.g., photobleaching) and the production of toxic byproducts. 
A recently developed optical sectioning technique that is more appropriately 
suited to study living systems is multiphoton microscopy. The essential idea of 
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Figure 1.3 Cell migration into a synthetic three‐dimensional (3D) scaffold. A composite 3D 
scaffold composed of poly(methacrylic acid) (PMMA) and poly(hydroxyethyl methacrylate) 
(PHEMA) was developed for cornea tissue engineering. Confocal microscopy was used to 
monitor migration of corneal fibroblasts into the acellular scaffold. Using a viability assay, 
the live or dead cells fluoresce different in different wavelengths. Because the confocal 
images were collected at different focal depths, reconstructed 3D images can be 
produced with detailed information in the direction of cell migration into the scaffold. 
* indicates p < 0.05. (See insert for color representation of this figure.)
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this technique is to excite the fluorophore by exposing it to multiple photons of 
weaker energy. Absorption of more than one photon would be required for the 
fluorophore to emit a signal. This process is inherently nonlinear and therefore 
is beyond the conventional optics physics. A fast‐pulsed (e.g., 10−15 s) laser is 
used to create a sufficient photon density only within the focal plane of the 
laser. At this position, the fluorophore is more likely to absorb multiple pho
tons, but those fluorophores located outside the focal point have a very low 
probability of absorbing more than one photon simultaneously. Therefore, 
signals are emitted from the focus of the laser only and virtually none are emit
ted from the out‐of‐focus planes. There are several significant advantages for 
using the multiphoton microscopy. First, the fluorophore photobleaching 
problem is eliminated, allowing longer visualization of the specimen. Second, 
light‐induced cytotoxicity for the living specimen is substantially reduced. 
This is particularly important for in vivo imaging applications. Third, because 
the wavelength of the laser is at least twice that of the confocal microscopy, the 
penetration depth in the optical axis is considerably increased. For example, 
the penetration depth using a typical confocal microscope alone is limited to 
approximately ~150 µm. In comparison, excellent quality images from deep 
sectioning of the specimen beyond 1000 µm are routinely obtained by using 
multiphoton microscopy.

The nonlinear multiphoton imaging is capable of achieving high 3D spatial 
resolution. Such systems greatly enhance interdisciplinary research among 
engineering, physical, and biological sciences, which has been proven to be 
powerful for innovation and development of tissue engineering and regenera
tive medicine, and providing advanced imaging detection instrumentation 
capable of high resolution from the subcellular to clinical level. Elucidation of 
the fundamentals regulating biological responses both in vitro and in vivo is 
plausible and should further advance our understanding and knowledge in the 
life and measurement sciences, and in medical applications. Utilizing mul
tiphoton microscopy, the individual integrin dynamics on the cell surface 
[43–45], cell attachment in 3D collagen hydrogel [46, 47], role of microfilament 
regulating the cellular biomechanics [48–52], cell migration into porous 3D 
biopolymeric scaffolds [53–56], and morphological modulation and calcium 
dynamics in stem cells undergoing differentiation [57–60] have all been exam
ined and elucidated. As shown in Figure 1.4, a combination of suitably chosen 
fluorophores was applied to monitor the extent of osteogenesis by visualizing 
simultaneously nuclei (blue), osteocalcin expression (green), microtubule (yel
low), and microfilament (red) organization; four‐color imaging. Conventional 
fluorescence microscopy alone would be difficult to achieve this kind of multi
color images with high resolution.

A label‐free nonlinear imaging modality that has proven useful in tissue engi
neering is second harmonic generation or SHG (see Ref. [61] for review). Rather 
than relying on fluorophores, the technique exploits nonlinear polarization for 
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a material under excitation of strong external electrical field created by a high‐
density pulse laser beam. The material’s ability to generate signals proportional 
to the square of the electric field allows the frequency doubling and emission of 
light signals that are exactly twice as energetic as the input frequency, thus the 
term “second harmonic generation”. Unlike multiphoton microscopy, SHG 
does not involve excitation of fluorophore therefore eliminates phototoxicity 
and photobleaching. Excitation with near‐infrared wavelength allows signifi
cant depth penetration, and thus SHG is well suited for studying thick tissue 
samples. While the number of materials that can create nonlinear polarization 
is limited, several intrinsic structures of cell or tissue (collagen or microtubules) 
are known to produce SHG. Notably, as one of the most important ECM com
ponents, collagen produces and emits detectable SHG. This particular material 
property of the collagen is of great value to image the collagen fibers in a 3D 
collagen gel without using fluorophores or relying on immunolabeling 
(Figure 1.5). The high photon density pulse laser applied to induce SHG is also 
directed as a light source to photoablate collagen molecules (Figure 1.5), pro
viding a means to introduce spatial patterns (e.g., subtractive manufacturing) 
in the 3D scaffolds. Disadvantages of SHG imaging include (i) generally small 

Figure 1.4 Four‐color imaging of osteogenesis. Human MSCs were induced to differentiate 
to osteoblasts. At day 14, the cells were labeled and visualized to quantify the extent of 
osteogenesis. Using a multiphotom microscope (Bio‐Rad, Radiance 2000), a set of four 
fluorophores was selected to label and image simultaneously the nuclei (blue), osteocalcin 
expression (green), microtubule (yellow), and microfilament (red) organization. These four 
fluorophores were carefully chosen to minimize potential spectroscopic overlaps. (See insert 
for color representation of this figure.)
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SHG signal requiring the excitation intensity be large and (ii) the complexity of 
SHG which makes instrumentation challenging. As the demand for tissue 
replacement grows rapidly, the proper assessment for functionality and bio
compatibility of artificially engineered tissues represents one of the most criti
cal steps toward successful tissue repair and regeneration. Such assessment and 
product testing can be contemplated with availability of state‐of‐the‐art 3D 
nonlinear imaging systems.

1.4.4 Magnetic Resonance Imaging

The development and application of 3D imaging techniques must be an impor
tant consideration to explore and advance currently unforeseen technologies 
in biomedical and health‐related sciences, including stem cell‐based regenera
tive medicine. While the spatial and temporal resolution is high, nonlinear 
imaging modalities of multiphoton microscopy and even SHG are still limited 
by the penetration and detection depth necessary for in vivo deep tissue imag
ing. MRI offers perhaps the best plausible alternative imaging modality to 
overcome such limitations and shows promise for in vivo imaging due to its 
penetration depth and 3D spatial resolution. Any tissue constructs implanted 
in vivo must be followed and monitored over time for tissue development and 
functionality. The ability to properly and quantitatively determine the develop
ment of implanted tissue constructs is indeed critical to advance the field of 

XY plane XZ plane

Figure 1.5 Second harmonic generation (SHG) image. An 80‐fs pulse laser (Spectra Physics, 
Mai Tai) was used to excite the label‐free collagen molecules in a collagen gel. The collagen 
undergoes SHG (no fluorophore required) and emits detectable signals. The 3D distribution 
and organization of the collagen fibers may be visualized with high resolution. The high 
intensity laser was also directed to ablate a channel in the middle of the collagen gel 
(appears as a dark strip). This laser ablation technique has been employed by a number 
of investigators to create spatial patterns for tissue engineering applications.
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stem cell‐based regenerative tissue engineering. To demonstrate the feasibility 
of monitoring tissue development, MRI has been applied to characterize, just 
to name a few, chondrogenesis [62, 63], angiogenesis [64, 65] and cell‐based 
neurogenesis [66, 67]. An additional interesting MRI application is to inject 
stem cells labeled with contrast reagents to accurately track the stem cell move
ments. The direct tracking of stem cells has been shown clinically feasible in 
animal models of cardiovascular diseases [68–70].

While there are potentially other modalities such as computed tomography 
scanning that may also be applicable for in vivo imaging, the MRI may offer 
practical advantages including no radiation and generally painless imaging 
procedure. The major disadvantage is, of course, the high magnetic field 
(~10 T) required to align magnetically inducible molecules and long period of 
time it takes to acquire and average the signals attributed to the relaxation of 
the molecules. Nonetheless, MRI has become an invaluable imaging modality 
that will continue to be further improved and likely lead us to the optimal 
design and implementation of tissue engineering approaches to achieve the 
ultimate goal of stem cell regenerative medicine. It is indeed timely to dedicate 
a book to the use of MRI for regenerative stem cell engineering and potentially 
standardize tissue development following implantation of tissue engineered 
constructs.
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