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Introduction

The idea of publishing this book on “Bioengineering in Cell and Tissue Research”
was originated by Gerhard M. Artmann, with the goal of writing about our dreams
and making the reader dream with the authors and be fascinated. The book is meant
to have life and spirit, and to become a pioneer in technology and sciences, espe-
cially the life science. The chapters in this book are written by excellent scientists on
advanced, frontier technology and address scientific questions that need consider-
able thinking in terms of engineering. The aims are to provide the readers, including
students, faculty, and all scientists working in academia and industry, new informa-
tion on bioengineering in cell and tissue research to enhance their understanding
and innovation.

This book is composed of six sections that cover a broad hierarchy from genes
to the universe. These sections are Genes, Genome and Information Network; Cell
and Tissue Imaging; Regenerative Medicine and Nanoengineering; Mechanics of
Soft Tissues, Fluids and Molecules; Bioengineering in Clinical Applications; and
Plant and Microbial Bioengineering.

Section I on “Genes, Genome and Information Network” contains three chapters:

Chapter 1 on “Reporter Genes in Cell-based Ultra-High Throughput Screen-
ing” by Stefan Golz presents the processes used to identify target-specific, disease-
relevant genes or gene products devoid of side effects with the aid of ultra-high
throughput screening (uHTS). It discusses how to set up a drug discovery pipeline
starting from target identification to finally delivering molecules for clinical devel-
opment. This chapter presents many of the large arsenal of technologies available
for researchers in industry and academia to generate data in support of a functional
link between given genes and a disease state. The author concludes that experimen-
tal testing of candidate drug compounds remains the major route for the lead drug
discovery process, which has been aided by uHTS using targeted assays together
with the design of combinatorial chemistry libraries. Converting the knowledge of
the target mechanism and underlying molecular recognition principles into robust
and sensitive assays is a prerequisite of successful uHTS screening.

Chapter 2 on “Gene Arrays for Gene Discovery” by David Ruau and Martin
Zenke provides an overview of the strategies for gene discovery using gene arrays.

vii



viii Introduction

A wealth of genetic information has become available due to the determination of
the DNA sequences of the entire genomes of human and other biological organisms
and the advancement of microarray technology that measures simultaneously the
expression of thousands of genes. As a result, bioinformatic tools have been devel-
oped to determine transcriptional “signatures” of various cell types, tissues and en-
tire organisms in normal and disease states, to apply data mining strategies for gene
discovery, and to synthesize and understand complex gene networks. This chapter
reviews the data mining strategies for microarray gene expression data, including
data pre-processing, cluster analysis, information retrieval from knowledge-based
databases, and their integration into microarray data analysis workflows, as exem-
plified by studies on antigen-presenting dendritic cells that have been treated with
transforming growth factor 1.

Chapter 3 on “Physical Modulation of Cellular Information Networks” by Sum-
ihiro Koyama and Masuo Aizawa reviews the effects of physical stimulation on
the information networks in cells. The modulating factors applied include electrical
potential, hydrostatic pressure, electromagnetic field, shear stress, and heat shock
application, and the cellular functions investigated include viability, proliferation,
differentiation, gene expression, and protein production, as well as morphological
changes. The authors conclude that future work in cellular engineering for physi-
cal stimuli-induced gene expression will involve the exploration of specific physi-
cal stimulus-responsive promoters and investigations on stress-induced expression
mechanisms. They also conclude that the effects of physical stimulation on mam-
malian cells will have a wide range of applications, particularly in cellular engineer-
ing, tissue engineering, and medical engineering.

Section II on “Cell and Tissue Imaging” contains three chapters:

Chapter 4 on “Fluorescence Live-Cell Imaging” by Yingxiao Wang, John Y-J.
Shyy, and Shu Chien surveys the principles and technologies used in performing
fluorescence live-cell imaging and their applications in mechanobiology. The cov-
erage includes the uses of fluorescent proteins and their derivatives and fluorescent
microscopy and its integration with atomic force microscopy, with the purposes
of visualizing intraellular localization of organelles, signaling/structural molecules,
gene expression, and post-translational modifications. Techniques are presented for
the spatiotemporal quantification of these subcellular and molecular events, e. g.,
by using fluorescence resonance energy transfer (FRET), fluorescence recovery af-
ter photobleach (FRAP), and fluorescence lifetime imaging microscopy (FLIM).
The impact of these fluorescence technologies on cardiovascular research in rela-
tion to mechanobiology is discussed. It is pointed out that studies of cardiovascu-
lar specimens from transgenic animals would reveal new information on the target
molecules.

Chapter 5 on “Optical Coherence Tomography (OCT)” by Gereon Hiittmann
and Eva Lankenau addresses this emerging technology for three-dimensional imag-
ing of biological tissues. OCT is a new imaging technology that provides higher
imaging depth with a high resolution that goes below 10 micrometers and does not
rely on the depth of focus of the imaging lens. The basic theory of OCT and its
emerging applications in tissue engineering are presented. Compared to technolo-
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gies such as ultrasound, X-ray, MRT and electron microscopy, OCT offers a non-
contact, non-invasive in-vivo applicability with compact and affordable devices.
Coupling with spectroscopy, stains and specially designed probes provides addi-
tional means to generate site- and function-specific contrast. Hence, optical imaging
and microscopy are well developed technologies now widely used in medicine and
biotechnology.

Chapter 6 on “Ultrasonic Strain Imaging and Reconstructive Elastography for
Biological Tissue” by Walaa Khaled and Helmut Ermert reviews the technology
of imaging relevant to biomechanics and summarizes their work in the field of
elastography. The authors discuss some basic principles and limitations in the cal-
culation of displacement estimators that are needed to evaluate strain images and
the relative elastic moduli of biological tissues, which are illustrated with results
from tissues in-vitro and in-vivo. The quantitative information obtained on the rela-
tive shear modulus seems promising for differential diagnosis of lesions in biolog-
ical tissues. This chapter closes with a discussion on the prospects and applica-
tions of ultrasound elastography. This real-time ultrasound strain imaging system
has been used in a clinical study for the early detection of prostate cancer dur-
ing conventional transrectal ultrasound examinations. The authors feel that elasto-
graphy holds promise in the in vivo diagnosis of prostate cancer and intravascular
diseases.

Section III on “Regenerative Medicine and Nanoengineering” contains five chap-
ters:

Chapter 7 on “Embryonic Stem Cell Derived Somatic Cell Therapy” by Kurt
Pfannkuche, Agapios Sachinidis and Jiirgen Hescheler discuss the results from
transplantation studies of embryonic stem cell derived somatic cells in animal mod-
els. The results are promising for ES cell-based cell therapy of degenerative dis-
eases such as cardiac and neurological diseases. However, clinical application of ES
cell-based therapies requires resolving the current barriers regarding safety aspects,
purity and quantity of the cells, immunological rejection and ethical issues. Tissue
engineering in combination with the ES cells might contribute to the development
of new therapeutical concepts for treatment of severe degenerative diseases. Indeed,
many important studies and concepts exist to develop strategies for generation of
tissue engineered heart valves. The authors discuss cardiac tissue engineering with
a special focus on embryonic stem cell derived cardiomyocytes.

Chapter 8 on “Collagen Fabrication for Cell-based Implants in Regenerative
Medicine” by Hwal (Matthew) Suh discusses the use of fabricated collagen for cell-
based regenerative medicine as applied to skin regeneration, bone reconstruction,
esophagus replacement, and liver regeneration, as well as anti-adhesive matrix that
promotes wound healing. This chapter provides an overview for the characteriza-
tion and fabrication of collagen, and the requirements of materials for cell-based
implants and biomaterials in cell hybridization. The author points out that a system-
ized approach with single cell encapsulation by collagen containing signal transduc-
tion agents and ligands to attract specific cell adhesive receptors and with stem cell
differentiation and proliferation toward the designated target tissue may contribute
to the future progress of stem cell-based implant.



X Introduction

Chapter 9 on “Tissue Engineering” by Bernd Denecke, Michael Woltje, Sabine
Neuss and Willi Jahnen-Dechent discusses the approach to tissue engineering by
combining cells and biomaterials into functional tissues. The authors recapitulate
the basic considerations of cell-material interactions in the development of biolo-
gical substitutes. The tissue-engineered substitutes are comprised of cells cultured
in a natural or nature-like environment that sustain growth and differentiation. The
biomaterial scaffolds in the substitute need to provide cell attachment sites and a ba-
sic three-dimensional organization resembling the extracellular matrix. This chapter
covers the recent advances in material scaffolds and cell-material interactions, and
the use of stem cells for tissue engineering. The authors point out that the combi-
nation of cells and material scaffolds into tissue-engineered replacements of tissues
and organs poses a formidable task because of the hurdles of regulatory approval
and commercial viability.

Chapter 10 on “Micro and Nano Patterning for Cell and Tissue Engineering”
by Shyam Patel, Hayley Lam, and Song Li focuses on micro and nano technolo-
gies that have been used to investigate the regulation of cell functions by micro
and nano features in matrix distribution, surface topography and three-dimensional
microenvironment. The authors discuss the technologies that can be applied to the
fabrication of functional tissue constructs and the recent advances in microfabrica-
tion and nanotechnology industry that have enabled many new ways of examining,
manipulating and engineering biological processes. This chapter provides informa-
tion on the uses of this emergent micro and nano patterning technology for the study
of cell behavior and the creation of new therapies and engineering of tissues that are
functionally similar to native tissues.

Chapter 11 on “Integrative Nanobioengineering” by Andrea A. Robitzki and
Andrée Rothermel presents novel bioelectronic tools for real-time pharmaceutical
high-content screening in living cells and tissues. The authors discuss new online
and real-time diagnostic systems. Miniaturized biomonitoring systems that utilize
nano- and micro systems technology, automatic methods and software programs
will allow remote measurements of disease-related biomarkers, thus making it pos-
sible to perform risk assessments on the patient before actual symptoms occur. This
will allow the implementation of personalized prevention program and early indi-
vidual therapies for people with an increased risk for a certain disease. The au-
thors propose that future screening platforms should provide several technologies,
including predictive tests of incompatibility, proteomics and post-genomics, cell and
tissue based microsystems, combination with in silico models, and bioelectronical
cell-based immunological measurements.

Section IV on “Mechanics of Soft Tissues, Fluids and Molecules” contains six
chapters:

Chapter 12 on “Soft Materials in Technology and Biology” by Manfred Staat,
Gamal Baroud, Murat Topcu, Stephan Sponagel gives an introduction to the me-
chanics of soft materials. The authors pointed out that growing interest in flexible
structures has brought biomechanics into the focus of engineering. Elastomers and
soft tissues consist of similar networks of macromolecules. The chapter provides
a brief introduction to the concepts of continuum mechanics, and presented typical
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isotropic models of soft materials in technology and biology. The authors discussed
the similarities and differences of the thermo-mechanical behavior. For rubber-like
materials, a modification of the Kilian network is suggested which greatly simplifies
the identification of material parameters. Finally, the dynamical loading of biopoly-
mers and volume changes with phase transitions are considered.

Chapter 13 on “Modeling Cellular Adaptation to Mechanical Stress” by Roland
Kaunas aims at elucidating the mechanism underlying the adaptive changes of cells
in response to mechanical loading. In arteries, atherosclerotic plaques are preferen-
tially located at sites of low and oscillating wall shear stress; bone and skeletal
muscle adapt to compressive and tensile forces, respectively. In all these cases, me-
chanical loading modulates the form and function of tissues. This chapter describes
a new approach for developing an adaptive constitutive model of adherent cells sub-
jected to mechanical stretch. Such a model would provide a framework by which
the accelerating accumulation of mechanotransduction data can be interpreted, thus
providing a clearer understanding of how cells respond to mechanical loading. To
illustrate the concepts, the model is applied toward understanding how endothelial
cells adapt to cyclic stretch.

Chapter 14 on “How Strong is the Beating of Cardiac Myocytes?” by Jiir-
gen Trzewik, Peter Linder and Kay F. Zerlin describes the CellDrum technique,
which involves the culture of cell monolayers or thin tissue composites under bi-
axial load conditions for mechanical evaluation. A CellDrum consists of a plas-
tic cylinder sealed on one end with a thin and biocompatible silicon membrane.
The membrane allows cell attachment and proliferation under in vitro cell culture
conditions. This device can be used to monitor the stress-strain relationship of the
cell-membrane composites and has been applied to studying biomechanical pro-
perties of cells cultured on CellDrum membranes, including endothelial cells, fi-
broblasts and cardiomyocytes (self-contracting in monolayer cultures or embedded
in collagen I matrices). The relative displacement of silicon membranes attached
to cylindrical wells (diameter 16 mm) is measured with non-contact displacement
sensors at a resolution in the um-range. This system can be adapted for medi-
cal applications to determine the mechanical properties of cells/tissues in disease
states.

Chapter 15 on “Mechanical Homeostasis of Cardiovascular Tissue” by Ghas-
san S. Kassab addresses the state of mechanical homeostasis in the cardiovascular
system, with special attention to the variations of stresses and strains. This chapter
critically evaluates the various hypotheses on cardiovascular homeostasis of stresses
and strains, viz., uniform wall shear stress, uniform mean circumferential stress and
strain, uniform transmural stress and strain, and biaxial stress and strain. The evi-
dence for these hypotheses is considered in the normal, flow-overload, and pressure-
overload cardiovascular system, as well as during its development and in atherogen-
esis. This chapter considers the implications of these hypotheses on mechanotrans-
duction and on vascular growth and remodeling. The author concludes that there is
significant evidence that the internal mechanical factors are narrowly bounded and
carefully regulated such that a perturbation of mechanical loading causes adaptive
responses to restore mechanical homeostasis.
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Chapter 16 on “The Role of Macromolecules in Stabilization and Destabilization
of Biofluids” by Bjorn Neu and Herbert J. Meiselman focuses on the interactions
between RBCs as influenced by the presence of macromolecules in the suspend-
ing phase. RBCs are chosen to study cell-cell interaction because they are the most
numerous cells in blood, have an important function of oxygen transport, and can
raise low-shear blood viscosity and adversely affect microvascular blood flow when
undergoing excessive aggregation. The authors deal in detail the depletion of macro-
molecules near the RBC surface because they believe this phenomenon is the most
likely mechanism for RBC aggregation. Stabilization of RBC systems via small
polymers or covalent attachment of polymers to the membrane surface is also con-
sidered. The authors point out that increased attention to the biophysical aspects of
cell-cell interactions will yield important new information that may lead to improved
disease diagnosis, patient care and advances in cellular- and bio-engineering.

Chapter 17 on “Hemoglobin Senses Body Temperature” by Gerhard M. Artmann,
Kay F. Zerlin and Ilya Digel report on a glass-transition like temperature transition
occurring under certain conditions in RBCs around body temperature. The chapter
was based on an accidental discovery of a temperature transition of RBC passage
through small micropipettes many years ago at the University of California, San
Diego. Artmann’s group followed the biophysical mechanism of this effect since
then. The authors’ claim that the body temperature of a species was imprinted into
the structure of hemoglobin and other proteins has been supported by several recent
publications. The writing reflects Dr. Artmann’s philosophy and view of life.

Section V on “Bioengineering in Clinical Applications” contains five chapters:

Chapter 18 on “Nitric Oxide in the Vascular System: Meet a Challenge” by Ste-
fanie Keymel, Malte Kelm, and Petra Kleinbongard reviews several aspects of re-
search on nitric oxide (NO), especially its role in vascular biology and other fields in
biology and medicine. Theoretical and experimental studies of NO metabolism and
the in vivo and ex vivo detections of NO by bioassay and biochemical methods are
outlined. The authors provide evidence that plasma nitrite is a sensitive marker for
eNOS activity and propose that it may be used to monitor the efficacy of therapeutic
interventions influencing endothelial function and NO metabolism in future clinical
trials. The role of the NOS activity of RBCs as an intravascular source of NO is
discussed. The authors point out the importance of using high-resolution intravital
microscopy and real-time image acquisition and analysis to visualize the microcir-
culation, in order to study NO dynamics in relation to RBC rheology in vivo.

Chapter 19 on “Vascular Endothelial Responses to Disturbed Flow” by Jeng-
Jiann Chiu, Shunichi Usami, and Shu Chien focuses on the role of non-uniform
and irregular distribution of wall shear stress at branches and bends of the arterial
tree in the preferential distribution of atherosclerosis. While laminar blood flow and
sustained high shear stress in the straight part of the arterial tree up-regulates the
expression of genes and proteins in endothelial cells (ECs) to protect them against
atherosclerosis, disturbed flow and the associated oscillatory and low shear stress
up-regulate pro-atherosclerotic genes and proteins. This chapter summarizes the
know-ledge on the effects of disturbed flow on ECs in terms of signal transduc-
tion, gene expression, cell structure and function, as well as pathologic implications.
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Such investigations serve to elucidate the mechanisms underlying the effects of dis-
turbed flow on ECs, thus facilitating the understanding of the etiology of lesion
development in the disturbed flow regions.

Chapter 20 on “Why is Sepsis an Ongoing Clinical Challenge?” by Aysegiil
Temiz Artmann and Peter Kayser reports on RBC responses during sepsis. Most
in-vivo studies conducted by introducing microorganisms such as Escherichia Coli
into experimental animals showed deleterious effects of the infection on RBCs. The
authors found in their own in vitro studies with whole blood, partly in contrary to
earlier studies, that after adding E. coli-derived lipopolysaccharides, RBCs lost their
capability of aggregation, and this was accompanied by RBC swelling. The authors
formulated a new biophysical hypothesis based on colloid osmotic pressure consid-
erations to explain the phenomenon.

Chapter 21 on “Bioengineering of Inflammation and Cell Activation” by Alexan-
der H. Penn, Erik B. Kistler, and Geert W. Schmid-Schonbein discusses the role of
inflammation and cell activation in circulatory shock and multi-organ failure. The
authors have traced the inflammatory mediators in several forms of shock to the
action of digestive enzymes, which are synthesized in the pancreas and act on the
intestine. During intestinal ischemia, the mucosal barrier becomes permeable to pan-
creatic enzymes, allowing their entry into the intestine wall to cause auto-digestion
of matrix proteins and tissue cells and production of inflammatory mediators, which
are released into the central circulation, lymphatics and the peritoneal cavity to cause
multi-organ failure. Inhibition of pancreatic enzymes in the lumen of the intestine
serves to attenuate the inflammation in several forms of shock, and this may have
major significance in the treatment of a variety of clinical conditions.

Chapter 22 on “Percutaneous Vertebroplasty” by Christianne Vant, Manfred
Staat, and Gamal Baroud reviews the two intraoperative complications of this inter-
ventional radiology procedure used to treat vertebral compression fractures. While
this procedure shows promising results, it can cause complications due to exces-
sive injection pressure, which is an extravertebral problem, or extraosseus cement
leakage, which is an intravertebral problem. Current solutions for these complica-
tions involve the modification of cement delivery devices and procedure and the
modulation of the rheological properties of the cement. Testing in a synthetic model
demonstrates the existence of conflicting demands on the cement viscosity, i. e., low-
viscosity cement is needed to solve the extravertebral problem, but high-viscosity
cement is needed to solve the intravertebral problem. The challenge is to develop
biomaterials, techniques and/or devices that can optimize the conflicting demands
on cement viscosity.

Section VI on “Plant and Microbial Bioengineering” contains five chapters:

Chapter 23 on “Molecular Crowding” by Ira. G. Tremmel addresses the effects
of a crowded physico-chemical environment on the structure, function and evolution
of cellular systems in photosynthetic membranes. The impact of crowding on pho-
tosynthetic electron transport has been simulated and analysed, taking into account
realistic concentrations and shapes of photosynthetic proteins. The effects of macro-
molecular crowding may depend on many factors (e. g., background molecules) and
there may be opposing effects (e. g., decrease of diffusion vs. increase of thermo-
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dynamic activities). Diffusion coefficients for both large and small molecules are
reduced 3- to10-fold from those in water, but the mobility of some enzymes is large
in mitochondria, suggesting the presence of channels to facilitate protein movement.
The findings on movement of molecules through crowded environment raises inter-
esting questions in molecular evolution as to how biological macromolecules have
evolved to optimize their function in environments that have evolved to become
crowded.

Chapter 24 on “Higher Plants as Bioreactors” by Fritz Kreuzaler, Christoph
Peterhinsel, and Heinz-Josef Hirsch discusses the use of gene technology with C3-
type plants to optimize CO; fixation for the production of biomass and bio-energy.
As a result of photosynthesis utilizing CO,, ATP is generated to provide the energy
to do work in biological organisms. In higher plants, the important biochemical
pathways involved in CO, reduction and assimilation are C3 and C4. Because the
loss of fixed CO; by photorespiration is large in C3 plants, but virtually none in
C4 plants, it is desirable to modify the plants from C3- to C4-type. The authors
discuss the strategies of integrating new biosynthetic pathways into C3 plants by
modifying the photorespiratory pathway or the CO;-fixating enzyme Rubisco in
plant chloroplasts. Among the various possibilities to produce more biomass to deal
with the progressive increase in demand, the best way is to use gene technology
to improve the efficiency of photosynthesis and CO;-fixation, thus producing more
biomass with better quality.

Chapter 25 on “Controlling Microbial Adhesion” by Ilya Digel discusses the use
of a surface engineering approach to manipulate microbial adhesion to surfaces.
Microbes have a tendency to colonize surfaces, and this complex adhesion process
is affected by many factors, including the characteristics of the bacteria, the target
material surface, and environmental factors such as the presence of macromolecules,
ions or bactericidal substances. A better understanding of these factors would enable
the control of the adhesion process. The controllable stimulation or inhibition of
microbial adhesion can be achieved either by physical adsorption or by chemical
grafting of functional groups onto a suitable matrix. The feasibility and applicability
of these methods have been proved in ethanol production using laboratory-scale bio-
reactors. Such surface engineering approach exploiting the propensity of microbes
to adhere to surfaces can serve many biotechnological purposes.

Chapter 26 on “Air Purification by Means of Cluster lons Generated by Plasma
Discharge” by Kazuo Nishikawa and Matthew Cook discusses ways to purify air
pollution by using cluster ions. The authors review the growing need for the removal
of harmful molecules in the air due to increasing pollution. The removal of airborne
particles allow for an improvement in indoor air quality and a reduction in illnesses
caused by airborne viruses, bacteria, and fungi and due to allergic bronchial asthma.
The authors discuss the research on air purification through applying a plasma dis-
charge into the atmosphere and creating ozone and radicals of strong chemical re-
activity, and they present a novel plasma discharge technology, which can produce
positive and negative “cluster” ions at a normal atmospheric pressure and character-
ize the resultant cluster ions. A series of experiments have been performed to prove
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the air purification effects of such cluster ions, with close attention paid to airborne
harmful microbes and cedar pollen allergens.

Chapter 27 on “Astrobiology” by Gerda Horneck discusses this relatively new
area that attempts to reveal the origin, evolution and distribution of life on Earth
and throughout the Universe in the context of cosmic evolution. A multidisciplinary
approach is required involving astronomy, planetary research, geology, paleontol-
ogy, chemistry, biology and others. Astrobiology extends the boundaries of biolog-
ical investigations beyond the Earth, to other planets, comets, meteorites, and space
at large. Focal points are the different steps of the evolutionary pathways through
cosmic history that may be related to the origin, evolution and distribution of life.
Increasing data on the existence of planetary systems in our Galaxy support the as-
sumption that habitable zones are not restricted to our own Solar System. From the
extraordinary capabilities of life to adapt to environmental extremes, the boundary
conditions for the habitability of other bodies within our Solar System and beyond
can be assessed. Astrobiology has the potential to give new impulses to biology.

In summary, the twenty-seven chapters in this book on “Bioengineering in Cell
and Tissue Research” provide state-of-the-art knowledge on Genes, Genome and In-
formation Network; Biological Imaging; Regenerative Medicine and Nanoengineer-
ing; Mechanics of Soft Tissues, Fluids and Molecules; Clinical Applications; and
Plant and Microbial Bioengineering. The book is intended to stimulate the reader
to think about these problems and create innovative solutions. The authors and the
editors would be most gratified if these aims are achieved.

Chu Chien
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Chapter 1

Reporter Genes in Cell Based
ultra High Throughput Screening

Stefan Golz

Bayer Healthcare AG, Institute for Target Research, 42096 Wuppertal, Germany,
stefan.golz@bayerhealthcare.com

Abstract Pharma research in most organizations is organized in discrete phases
together building a “value chain” along which discovery programs process to fi-
nally drug candidates for clinical testing. The process envisioned to identify target-
specific modulators lacking several side effects. Following a technical assessment of
the targets “drugability”, the probability to identify small molecule modulators, and
technical feasibility target-specific assays are developed to probe the corporate com-
pound collection for meanful leads. “High-Throughput-Screening” (HTS) started
roughly one decade ago with the introduction of laboratory automation to handle
the different assay steps typically performed in microtiter plates. Today a large arse-
nal of screening technologies is available for researchers in industry and academia
to set up uHTS or HTS assays. Here the use of reporter genes offer an alternative for
following signal transduction pathways from receptors at the cell surface to nuclear
gene transcription in living cells.

1.1 Introduction

The modern drug research process has reversed the classical pharmacological strat-
egy. Today, research programs are initiated based on biological evidence suggesting
a particular gene or gene product to be a meaningful target for small molecule drugs
useful for therapies. The process envisioned to identify target-specific modulators
lacking several side effects. Also, it allows setting up a linear drug discovery process
starting from target identification to finally delivering molecules for clinical devel-
opment. One central element is lead discovery through high-throughput screening of
comprehensive corporate compound collections. Pharma research in most organiza-
tions is organized in discrete phases together building a “value chain” along which
discovery programs process to finally drug candidated for clinical testing (Hiiser
et al. 2006).

This pipeline is fueled by targets suggested from external or in-house generated
data suggesting a gene or gene product to be disease relevant. Today a large arsenal
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of technologies is available for researchers in industry and academia to generate
data in support of a functional link between a given gene and a disease state.

1.2 From Gene to Target

Following a technical assessment of the targets “drugability” (Hopkins and Groom,
2002), the probability to identify small molecule modulators, and technical feasibil-
ity target-specific assays are developed to probe the corporate compound collection
for meanful leads. Lead discovery in the pharmaceutical industry today still de-
pends largely on experimental screening of compound collections. To this end, the
industry has invested heavily in expanding their compound files and established
appropiate screening capabilities to handle large numbers of compounds within
a reasonable period of time. “High-Troughput-Screening” (HTS) started roughly
one decade ago with the introduction of laboratory automation to handle the differ-
ent assay steps typically performed in microtiter plates. HTS technologies during
the last decade have witnessed remarkable developments. Assay technologies have
advanced to provide a large variety of various cell-based and biochemical test for-
mats for a large spectrum of disease relevant target classes (Walters and Namchuk,
2003). In parallel, further miniaturization of assays volumes and parallelization of
processing have further increased the test throughput. The ultra-high-throughput is
required to fully exploit big compound files of >1 million compounds and is per-
formed entirely in 1536-well plates with assay volumes between 5 — 10 pl. This as-
say carrier together with fully-automated robotic systems allow for testing in excess
of 200,000 compounds per day. The comprehensive substance collection, together
with sophisticated screening technologies, have resulted in a clear advantages in
lead discovery especially for poorly druggable targets with a poor track record in
the past.

1.3 Screening Assay Classes

Today a large arsenal of screening technologies is available for researchers in in-
dustry and academia to set up uHTS or HTS assays with high reproducibilty and
accuracy. The assay technologies can be divided into three differrent classes:

1. Cellular growth and proliferation assays have been employed to search for thera-
peutics in anti-infectives and cancer. The ease use, the possibility for adaptation
to high-throughput formats and the direct relevance to disease pathology of these
growth assays were the reasons for the wide use in drug discovery processes.
The difficulty to discriminate pharmacologically from cytotoxic effects is the
main problem for an assay principle with unclearly defined targets. As a conse-
quence cellular growth and proliferation assays have a higher risk to fail even in
toxicological testing in late stages.
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2. Biochemical bioassays are an experimental approach for the testing of isolated
enzymes or receptors in which the activty of a purified protein is monitored di-
rectly.

3. Cell based bioassays are a different experimental approach for pharmacologi-
cal assays and are widely used in drug discovery processes. Recently, molec-
ular biology has revolutionized cell based bioassays by providing recombinant
cell lines containing readout technologies amenable to ultra high-throughput for-
mats. The functional readout of this assay format allows, to monitor all possible
drug-receptor interactions, including allosteric modulation and allow the screen-
ing of different pharmacological target classes as G-protein coupled receptors,
Ion-channel or transporter. The timescale of the assay type ranges from seconds,
e. g. hormone-stimulated Ca?* signals, to few hours for reporter gene readouts.
This assay type is target biased and allows the discrimination and differentiation
of target-specific signals from general phenotypic effects. Optical assays rely
on absorbance, fluorescence or luminescence as readouts. The used readout tech-
nologies are comprising fluorescent Ca®* indicators and different reporter genes.
The reporter genes used in ultra high-throughput screening can be divided into
two different classes: photoproteins & luciferases and fluorescent proteins.

The choice of cellular screening approach has an enormous impact both on the de-
velopment and implementation of the HTS or uHTS for a target. The availability
and behavior of the cells, together with the amplitude and reproducibility of the sig-
nal attainable against that cellular background, can all determine whether primary
cells or cell lines, both native and engineered, are selected. Primary cells of human
origin are arguably the most physiologically relevant model system and several se-
lected primary cell types, human and other species, are commercially available and
amenable to HTS or uHTS respectively. In general, primary cells cannot be obtained
at the scale necessary for HT'S or uHTS, and thus primary cell screens are positioned
in the screening paradigm as low-throughput secondary assays. Transformed cell
lines of mammalian origin (e. g. CHO, HEK 293) are the most commonly used cell-
based uHTS assay formats. The advent of molecular and cell biology techniques to
clone and express human proteins has provided access to cell lines with high ex-
pression levels of the target of interest. Cell lines can be engineered to express or
over-express a target of interest. Expression can be transient or stable and several
expression systems can be employed depending on the nature of the cell line and the
target. Stable cell lines are most commonly generated by plasmid transfection infec-
tion. Stable expression of the target is the approach of choice for HTS and uHTS in
the most drug discovery processes.

1.4 Reporter Gene Classes

Bioluminescence is the light produced in certain organism as a result of luciferase-
or photoprotein mediated reactions. Numerous marine and terrestrial organisms are
bioluminescent, while the biochemistry and molecular biology of the underlying



6 1 Reporter Genes in Cell Based ultra High Throughput Screening

processes has been evaluated recently. The reaction involves the oxidation of a sub-
strate (called luciferin or coelenterazine respectively) by an enzyme (the luciferase)
or photoprotein (Wilson and Hastings 1998). Oxygen is usually the oxidant. Bio-
luminescent organisms are found in a variety of organisms. Common examples are
insects, fish, squid, sea cacti, sea pansies, clam, shrimp, and jellyfish. The biolu-
minescent systems in these organisms are not all evolutionarily conserved, and the
genes coding for the proteins involved in bioluminescence are not homologous. The
emitted light commonly has one of three functions: defense, offense, and communi-
cation.

The bioluminescent systems could be devided into different classes and sub-
classes: 1. Flash-light reporter gene, 2. Glow-light reporter genes with subclasses
coelenterazine-dependent, non-coelenterazine dependent luciferases and non-luci-
ferase glow-light systems, and 4. fluorescent proteins.

In the 1980s, molecular and cell biologists used reporter genes to investigate
the 5" untranslated regions of cDNAs to determine which sequences were involved
in modulation of gene transcription. In the ensuing decades, the technology and
instrumentation have evolved such that many target classes are now amenable to
cell-based HTS in reporter formats. Reporter enzymes provide a highly amplified
signal, thereby providing sensitivity, and luciferase appears to be the most com-
monly used reporter enzyme for HTS. Transcriptional regulation assays are config-
ured by linking the natural promoter, or elements of the promoter, of the gene of
interest to the coding region of the reporter gene. To take advantage of common
signal transduction pathways, synthetic repeats of a particular response element can
be inserted upstream of the reporter gene to regulate its expression in response to
signaling molecules generated by activation of that pathway (Johnston and Johnston
2002).

1.5 Flash-Light Reporter Genes

Many coelenterates and ctenophores, such as the jelly-fishes Aequorea victoria
(Fig. 1.1B) and Clytia gregaria (Fig. 1.1A), the hydroid Obelia longissima
(Fig. 1.1D), and the ctenophore Mnemiopsis are bioluminescent (Shimomura 1985).
The emission is triggered by calcium, even though the use the same luciferin —
called coelenterazine (Jones et al. 1999). Coelenterazine is an imidazolopyrazine
(Fig. 1.2), which occurs widely in luminous and non-luminous marine organisms.
The first isolated flash-light photoprotein was the the hydrozoan Aequorea system,
aequorin.

In the presence of a calcium chelator, one can isolate and purify aequorin, which
requires only coelenterazine and calcium for light production. It is now clear that
the photoprotein is simply a stable luciferase reaction intermediate to which an
oxygenated form of the coelenterazine is already bound, probably as a hydroper-
oxide.
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Clytia gregaria Aequorea victoria
mtClytin + Clytin Aequorin

Beroe abyssicola Obelia longissima
Berovin Obelin

Fig. 1.1 Origins of Flash light photoproteins used in uHTS. Picture of A Clytia gregaria (identi-
fied photoproteins Clytin and mtClytin), B Aequorea Victoria (identified photoprotein: aequorin),
C Beroe abyssicola (identified photoprotein: Berovin) and D Obelia longisima (identified photo-
protein: Obelin)

Calcium, for which the protein has three binding sites, triggers the flash by allow-
ing the reaction to go to completion via the dioxetanone intermediate. Thus instead
of triggering at the stage of luciferin availability, calcium acts here on a reaction in-
termediate. The emission is blue (486 nm) when the Aequorea reaction is carried out
in vitro, whereas the bioluminescence from the living organism is green (508 nm)
because of the presence of the soluble green fluorescent protein, Aequorea GFP. The
involvement of energy transfer was first described in the case of Obelia, where, in
extracts, photoprotein and GFP are found together in granules (Morin and Hastings
1971). If the cells are mechanically ruptured in seawater containing MgCl, (a Ca>*
antagonist), then centrifuged lightly to remove large cell debris, the supernatant con-
tains both intact granules and the soluble “photoprotein”. If calcium is added to the
supernatant, it causes a flash of blue light by reacting with the photoprotein. If wa-
ter is now added, the granules osmotically rupture, and green light is produced as
the photoprotein and its associated GFP come in contact with calcium. However, if
the order of additions is reversed, first water, then calcium, only blue light is emit-
ted, because the photoprotein-GFP complex has dissociated in dilute solution, thus
preventing energy transfer (Predergast 1999).

Recently new flash-light photoproteins could be identified from other organisms:
Berovin from Beroe abyssicola (Fig. 1.1C), two different Bolinopsin photopro-
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Fig. 1.2 Chemical turnover of Coelenterazine by flash-light reporter genes as Aequorin, Obelin,
mtClytin or Berovin (2v470 = light, aequorin)

teins from Bolinopsis infundibilum and a new photoprotein from Clytia gregaria
(Fig. 1.1A) with a mitochondrial leader sequence.

1.6 Glow-Light Reporter Genes

Many different organisms, ranging from bacteria and fungi to fireflies and fish, are
endowed with the ability to emit light, but the bioluminescent systems are not evo-
lutionarily conserved: genes coding for the luciferase proteins are not homologous,
and the luciferins are also different, falling into many unrelated chemical classes.
Biochemically, all known luciferases are oxygenases that utilize molecular oxygen
to oxidize a substrate (luciferin), with formation of a product molecule in an elec-
tronically excited state (Hastings 1998). One of the most striking characteristics of
luciferases is the very high diversity of mechanisms, structures and functions that
bioluminescent organisms have achieved.

1.7 Coelenterazine Dependent Luciferases

Luciferases encompass a wide range of enzymes that catalyze light-producing
chemical reactions in living organisms. To date, all known luciferases use molecu-
lar oxygen to oxidize their substrates while emitting photons. Different coelenter-
azine dependent luciferases were identified: Renilla luciferase, Gaussia luciferase
and Metridia luciferase.

Gaussia luciferase (Gluc) is the one of the smallest luciferase known and is
naturally secreted and was isolated from Gaussia princeps (Fig. 1.3B). This lu-
ciferase emits light at a peak of 480 nm with a broad emission spectrum extend-
ing to 600 nm. Gaussia luciferase has been cloned, overexpressed in bacteria, and
used as a sensitive analytical reporter for hybridization assays and monitoring of
cellular expression in culture and in vivo (Tannous et al. 2005). The Gaussia lu-
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Firefly beetle Gaussia princeps
Firefly Luciferase Gaussia Luciferase

Renilla reniformis Metridia longa
Renilla Luciferase MLuc

Fig. 1.3 Origins of Glow-light reporter genes used in uHTS. Picture of A Firefly Beetle (identified
luciferase: Firefly luciferase), B Gaussia princeps (identified luciferase: Gaussia luciferase; GLuc),
C Renilla reniformis (identified luciferase: Renilla luciferase) and D Metridia longa (identified
luciferase: Metridia luciferase; MLuc)

ciferase is a coelenterazine dependent luciferase which does not require ATP for
activity. Gaussia luciferase cDNA was isolated from a cDNA library using expres-
sion cloning and the protein was expressed and purified in quantity from bacterial
ferments. This enzyme is 188 amino acids in length and encoded in a cDNA of
555 bp. Gaussia luciferase has a broad pH optimum with peak activity at 7.7. Anal-
ysis of the gene sequence indicates a secretory signal which is functional in eukar-
yotes.

The bioluminescent sea pansy Renilla reniformis contains a luciferase-luciferin
system (Fig. 1.3C). Renilla luciferase is a monomeric protein that catalyzes the oxi-
dation of coelenterazine to produce light emission at 482 nm. In vivo an energy
transfer to a green-fluorscent protein (GFP) occurs and light is emitted at 509 nm. In
recent years several secreted proteins have been used as markers of gene expression.
The main advantage using a secreted reporter protein, in comparison with an intra-
cellular reporter protein, is the ability to measure gene expression without destroy-
ing the cells or tissues. Renilla luciferase gene was engineered to encode a protein
product secreted by mammalian cells by fusing the end of a short DNA sequence
encoding the signal peptide from human interleukin-2 (IL-2) protein to the renilla
luciferase cDNA (Liu et al. 1997). This construct was cloned under transcriptional
control of the cytomegalovirus (CMV) promoter or responsive elements in a mam-
malian expression vector, respectively. Both secreted and non-secreted renilla lu-
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ciferases are widely used in screening and compound characterization approaches
in single and multiplexing readouts.

There are bioluminescent organisms with naturally occurring secreted luciferases,
and the cDNAs encoding some of them have been cloned. These include the ma-
rine ostracod Vargula hilgendorfii (Thompson et al. 1989), the deep sea shrimp
Oplophorus gracilorostris (Yamaguchi 1975), and the marine copepod Gaussia prin-
ceps (as described before). The attractiveness of secreted luciferases as reporters is
a strong stimulus for the investigation and exploitation of new bioluminescent sys-
tems. Metridia longa is a small luminous marine copepod (Fig. 1.3D). The biolu-
minescence originates as a secretion from epidermal glands located in the head part
and abdomen in response to mechanical, electrical, or chemical stimuli. Biolumines-
cence in Metridia longa may well serve as a defense mechanism against predators;
the release of a luminous bolus from the animal is accompanied by rapid swimming
that displaces the copepod away from its “glowing phantom”. Metridia luciferase
(Mluc) was cloned and coelenterazine was identified as substrate (Markova et al.
2004). MLuc is expressable in bacteria and mammalian cells respectively. It is used
as a reporter gene in uHTS in single and multiplexing readout. Its use is described
in detail in Sect. 1.14.

1.8 Luciferin Dependent Luciferases

Most bioluminescent insects are beetles (Coleoptera), in the families of Elateri-
dae (such as click beetles), Phengodidae (the railroad worm with its red and green
lanterns is a spectacular example) (Viviani et al. 2006), and Lampyridae, the fireflies
(Fig. 1.3A, origin of Photinus pyralis luciferase). The reaction chemistry is presum-
ably the same or similar for all beetles because their luciferases all react and give
light with firefly luciferin. Firefly luciferin is a benzothiazoyl-thiazole, an different
substrate from coelenterate luciferin, but again a dioxetanone is the critical energy-
rich intermediate in the reaction (reaction is shown in Fig. 1.4). Luciferase first
catalyzes the condensation of luciferin with ATP in the presence of Mg>™, followed
by the reaction of the adenylate with oxygen and cyclization of the peroxide; ATP
provides the good leaving group AMP. The breakdown of the dioxetanone releases
the energy. Even though the luciferin is the same in all beetles, their emissions span
a wide-wavelength range, from green to orange.

Firefly luciferase is a 62 kDa monomeric protein with no prosthetic group. The
firefly luciferase enzyme has had a long history of use in biology, especially for
the detection of ATP. The cloning of the firefly luciferase gene and its expression
in cells from different organisms has generated a great deal of interest in possible
applications of the gene as a tool in biological studies and drug screening (Wood
et al. 1989). Its first use was as a reporter for monitoring promoter activity. Though
available for only a short time, the gene has already been widely applied in this
role, due to the great sensitivity, ease of use, and cost efficiency of the luciferase
assay. All beetle luciferases catalyse the conversion of chemical energy into light
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by a two-step process (Fig. 1.4). This process utilizes ATP, O, and beetle luciferin,
a unique heterocyclic acid found only in bioluminescent beetles. In the first step, the
carboxylate group of luciferin is activated by acylation with the alpha-phosphate
of ATP. The luciferyl adenylate is then oxidized with molecular oxygen, in the
second step, to yield AMP, carbon dioxide, and oxyluciferin. The oxyluciferin is
generated in an electronically excited state which, upon transition to the ground
state, emits the photon characteristic of bioluminescence. Under optimal condi-
tions the firefly luciferase emits light whose peak intensity is at 561 nm (yellow-
green).

The bioluminescence of the marine ostracod crustacean Vargula (Cypridina)
hilgendorfii (sea firefly) is due to a luciferase-luciferin reaction. Both substances
are secreted by the organism into the sea water where they combine and produce
light at 460 nm. The coding sequence of Vargula luciferase has been cloned and its
use as a reporter gene is described. One of the advantages is that the gene product
(555 amino acids) is secreted by the cell. Secreted Vargula luciferase is quantitated
by the reation with Vargula luciferin and is inhibited by the addition of EDTA or
EGTA suggesting a role for divalent ions such as calcium. A disadvantage of Var-
gula luciferase is that the luciferin required is not overall available (Bronstein et al.
1994).

Bacterial luciferase is a heterodmeric enzyme for which the subunits & and 8 are
coded by the LuxA and LuxB genes, respectively. The active site is on the « unit, but
the B unit is essential for the activity. The key difference between the bacterial and
mammalian luciferases is their temperature stability. It differs between 7 and 40 °C.
Bacterial luciferases are used in biochemical assays in HTS and uHTS as readout
for different metabolic pathways coupled to changes in NADH concentration.

1.9 Non-Luciferase Glow-Light Reporter Genes

Non-luciferase reporter genes are well known and widely used in industrial and aca-
demic research. Two prominent and representive examples are alkaline phosphatase
and B-Galactosidase.

Alkaline phosphatase is a membrane bound protein, but could be secreted from
the cell by alterations of the coding region of the membrane localization domain.

ATP+0, AMP +CO,
HO s HO s + hv 560 nm
19525 Eamndi g w5
N"™ “cooH N" o
Luciferin Oxyluciferin

Fig. 1.4 Chemical turnover of Luciferin by glow-light reporter gene Firefly luciferase. (hv560 =
light)
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This truncated form of the engineered gene could be used as a secreted reporter
gene for cell based assays. The detection of the secreted gene product is performed
while the cell population remains intact for further investigations. Secreted alkaline
phosphatase (SEAP) can be measured in a two-step assays using a bioluminescent
substrate and is extremly heat stable.

In contrast to alkaline phosphatase the B-Galactosidase assays is based on
a b-D-galactopyranoside substrate. S-Galactosidase is one of the most widely used
reporter genes in molecular biology. The B-Galactosidase readouts are based on
colorimetric or chemiluminescent formats. The chemiluminescent -Galactosidase
assay is highly sensitive, but its usefulness is limited in certain cell lines and tissues
due to endogenous enzyme activity.

Both f-Galactosidase and Alkaline Phosphatase (Hiramatsu et al. 2005) assays
formats are belonging to the glow bioluminecent reporter genes and could be used
as readouts for promotor- or responsive element readout approaches.

1.10 Fluorescent Proteins

Green fluorescent protein (GFP) is responsible for the green bioluminescence from
the jellyfish Aequorea. The intense fluorescence of GFP is due to the nature of
a chromophore composed of modified amino acids within the polypeptide. Forma-
tion of the fluorescent chromophore is species independent and apparently does not
require any additional factors. Hence, because the gene product is easily detectable
by its intense fluorescence, the GFP cDNA has become a unique reporter system.
The advantages of GFP are being exploited in a variety of experimental systems
(e. g. Dlctyostellum, plants, Drosophila and mammalian cells). In the last 10 years
green fluorescent protein (GFP) has changed from a nearly unknown protein to
a commonly used tool in molecular biology, medicine, and cell biology. GFP is
used as a biological marker and reporter gene. Green fluorescent proteins are found
in numerous organisms such as jellyfish and sea pansies. In 1955 it was first reported
that Aequorea (Aequorea victoria) fluoresced green when irradiated with ultravio-
let light. Two proteins in Aequorea are involved in its bioluminescence, aequorin
(a flash-light type coelenterazine-dependent photoprotein) and the green fluorescent
protein (GFP). GFP is a spontaneously fluorescent protein converts the blue chemi-
luminescence of the primary bioluminescent proteins (as luciferases or photopro-
teins) into green fluorescent light, presumably to reduce scattering and hence im-
prove penetration of the light over longer distances. The molecular cloning of GFP
cDNA from the Pacific jellyfish Aequorea victorea and the demonstration that this
GFP can be functionally expressed in bacteria have opened exciting new avenues
of investigation in cell, developmental and molecular biology and biotechnological
engineering.

Knowledge of the 3D structures of GFP is helping to understand the basic pho-
tochemistry and structure of the protein. Crystalline GFP exhibits a nearly identical
fluorescence spectrum and lifetime to that in aqueous solution, and fluorescence is
not an inherent property of the isolated fluorophore, the elucidation of its 3D struc-
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ture helps provide an explanation for the generation of fluorescence in the mature
protein, as well as the mechanism of autocatalytic fluorophore formation. Further-
more, the development of fluorescent proteins with varied emission and excitation
or other characteristics would dramatically expand their biological applications as
intracellular reporters (Zimmer 2002).

The structure of the wild-type protein was solved by Ormo et al. (1996). The
monomer structure consists of a 11-stranded B-barrel forming cylinder structure.
Inside the cylinder resides the fluorescent center of the molecule — a modified ty-
rosine sidechain and cyclized protein backbone. This motif, with a single «-helix
inside a very uniform cylinder of 13-sheet structure, represents a new class of pro-
tein fold. The regularity of the 13-can of GFP is quite remarkable. The current
dataset of sequenced and spectroscopically characterized GFPs and GFP-like pro-
teins could be classified in four color types: green, yellow, orange-red fluorescent
proteins and purple-blue nonfluorescent chromoproteins. These color types apper-
ently posses specific chromophore structures.

The GFP cDNA has proved to be a better reporter gene than expected origi-
nally. It was demonstrated that a fluorescent gene product can be easily produced
in a heterologues system, because there is no absolute requirement for another fac-
tor to form the GFP chromophore. GFP can be detected after fixation, and both N-
and C-terminal protein fusions are possible (Wang and Hazelrigg 1994). Further-
more the system has already yielded derivatives that have different spectral proper-
ties, which will probably permit simultaneous use of multiple reporter genes. Today
GFPs widely used for 1. Identification of transformed cells (e. g. by fluorescence
activated cell sorting or fluorescence microscopy), 2. Determination of gene expres-
sion in vivo and in vitro, 3. Localization of fusion proteins, 4. Characterization of
intracellular protein traffic, 5. Labeling of unicellular or multicellular organisms,
and 6. Identification of organisms released or not to be released to the environment
(Prasher 1995). In high throughput screening approaches GFPs today are widely
used as co-transferction markers to identify and develop cell lineages expressing
recombinant target genes or pathway readouts.

The process of exciting fluorescent probes is not entirely selective and causes
unwanted fluorescence, excitation snd light scattering signals from endogcnous cel-
lular and equipment sources, and comprises the background autofluoresescence
present in all fluorescent assays. A concern for screening assays is that certain com-
pounds may themselfe be fluorescent and cause false readings in the assay. Despite
this concerns the use of GFPs in screening could be divided into three classes (Gon-
zalez and Negulescu 1998). 1. Intensity-based assays. This type of fluorescent assay
utilizes indicators, loaded into membranes or compartments that alter their inten-
sities in response to environmental change. To be practical for cell-based assays,
these dyes should be membranc permeable, non-toxic, and well retained in appro-
priate locations inside the cell. 2. Fluorescence resonance energy transfer. FRET is
a well-described phenomenon that results when two fluorophores (one donor and
one acceptor) with appropriate spectral overlap are in close proximity. Excitation
energy is transferred from the donor (e. g. a luciferase or photoprotein) to the accep-
tor and results in a decrcase in donor intensity and a increase in acceptor intensity.
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The practical advantages of a ratiometric FRET read-out for screening are improved
reproducibility and signal-to-noise ratio and less signal perturbation during solution
additions to the sample. One limitation of FRET probes is that spectral overlap
between the emissions of donor and acceptor can reduce the dynamic range of the
assay. The use of GFPs as primary readout in ultra high-throughput screening is lim-
ited by the long half-life of GFP and the lower sensitivity compared to enzymatic
bioluminescent readouts for target classes as GPCRs, ionchannels, transporters or
nuclear receptors.

1.11 Cell Based Assay Formats
in ultra High Throughput Screening (uHTS)

Reporter genes offer an alternative assays for following signal transduction path-
ways from receptors at the cell surface to nuclear gene transcription in living cells.
Specific reporter genes are now available for the study of ligand activity at Gei/o,
Gas and Gaq G-protein-coupled receptors (GPCR).

GPCRs interact with heterotrimeric G proteins to regulate a range of second mes-
senger pathways to enable communication from the cell surface to the nucleus. Upon
activation of the receptor, the G protein dissociates into & and By subunits both of
which stimulate intracellular signalling pathway. GPCRs coupled to the Gaq family
of G proteins stimulate the enzyme phospholipase C (PLC). PLC cleaves mem-
brane phospholipids to produce inositol-1,4,5-trisphosphate (IP3), which mobilises
calcium from intracellular storage sites, and diacylglycerol (DAG), which activates
protein kinase C (PKC). Gas-coupled receptors stimulate adenylyl cyclase, which
synthesises CAMP from ATP. In contrast, Gai-coupled receptors inhibit adenylyl
cyclase and so reduce cAMP formation. The Sy subunits from Gei and other G pro-
teins are able to activate the mitogen-activated protein kinase (MAP kinase) pathway
and PLC. These second messenger pathways then activate a range of effector sys-
tems to change cell behaviour. In many cases this includes the regulation of gene
transcription. Depending on the G-protein coupling of the target GPCR different re-
porter gene readouts are used for uHTS. The choice of reporter gene and the second
messanger pathways of GPCRs are illustrated in Fig. 1.5 (Eglen 2005; Jacoby 2006).

Glow-light reporter genes are often used to detect Gai/Gass receptor or nuclear
receptor activity in promotor assay approaches. The choice of promoter depends on
the nature of the signalling pathway under study. To generate reporter assays spe-
cific synthetic promotors, containing a single type of transcription factor binding
site only, for single signaling cascades have been developed. Commenly used pro-
motor constucts are the cAMP response element (CRE), serum response element
(SRE), the transcription factor NFAT (nuclear factor of activated T cells) and the
Gal4 upstream activating sequence.

The CRE system is used for Gai- and Gas-coupled GPCRs readouts, whereas an
agonist causes a rise in intracellular cAMP (Williams 2004). The decreased cAMP
level activates protein kinase A (PKA) and the catalytic unit, of PKA can then move
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Fig. 1.5 Schematic diagram of luminescent readouts for G-protein coupled receptor signal-
ing pathways. AC: adenylate cyclase, ATP: Adenosine triphosphate, cAMP: cyclic Adenosine
monophosphate, PK: Proteinkinase, CRE: cAMP responsive element, CRE-P: phosphorylated
CRE binding protein, MEK: MAPK/ERK kinase, MAPK: mitogen activated protein kinase,
DAG: diacylglycerol, PKC: protein kinase C, PIP2: inositol-bisphosphate, IP3: inositol-1,4,5-
trisphosphate, Ca: Calcium, NFAT: nuclear factor of activated T cells, NFAT-P: phosphorylated
NFAT, PLC: phospholipase C, Gas: G-protein alpha s, Gal: G-protein alpha I, GBy: G-protein
beta gamma

into the nucleus and phosphorylate a CRE binding protein (CREB). The phospho-
rylated CREB binds to the CRE in the promoter of a target gene, thus increasing
transcription.

The NFAT system could be used for Gaq receptor and target which are signaling
through a slow kinetic calcium release. Antigenic stimulation of the T-cell receptor
stimulates PLC, which then activates the transcription factor NFAT (nuclear factor
of activated T cells). Stimulation of PLC increases levels of IP3, and hence intra-
cellular calcium concentration, and diacylglycerol, which activates PKC. Increased
intracellular calcium concentration stimulates calcineurin, which dephosphorylates
cytoplasmic NFAT allowing it to move into the nucleus. PKC, meanwhile, stimu-
lates the production of the AP-1 immediate—early gene partners Fos and Jun. Once
in the nucleus, NFAT binds with Fos and Jun to form a transcriptional complex ca-
pable of synergistically activating both the NFAT and AP-1 response elements to
stimulate gene expression.

The Gal4 System is widely used to detect nuclear receptor activities. The yeast
transcription factor Gal4 binds to the Gal4 upstream activating sequence (UAS)
causing transcription of two genes involved in galactose metabolism. Gal4 con-
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sists of a transcriptional regulatory domain and a DNA binding and transcription
activation domain. Chimeric proteins have been made, in which the transcriptional
regulatory domain of mammalian transcription factors are fused to the DNA bind-
ing domain of Gal4. If expressed in mammalian cells containing a reporter linked
to GAL4-UAS, this chimeric transcription factor can be phosphorylated by second
messenger kinases and so increase reporter transcription. This system is widely used
in cell-based assays for HTS and uHTS of nuclear receptors respectively.

Flash-light reporter genes generally encoded ion indicators rather than reporter
gene and are widely used to detect and monitor calcium release or calcium flux in
cell-based assay approaches for G-protein receptors and ion channels. Photopro-
teins as Aequorin, Obelin, Clytin or Berovin are used as cytosolic or mitochondrial
tagged reporters in generic reporter cell lines. Flash-light reporter genes are applic-
able for agonist and antagonist screening approaches for G-protein coupled recep-
tors and some ion channels. Kinetic as well as integral-based data analysis, allow the
differentiation between agonistic or antagonistic test compounds in a single assay
approach (see Sect. 1.13).

1.12 Reporter Genes in uHTS

Cell-based reporter gene assays can be designed to detect transcriptional regulation
of a particular gene, or they can be configured to detect the activity of a signaling
pahway. In reporter assays, the expression of a protein whose enzymatic activity
is easily detected is linked to the biological activity of the target of interest. Tran-
scriptional regulation reporter assays are configured by linking the promotor, or ele-
ments of the promotor, from the gene of interest to the coding region of the reporter
gene. To detect the activity of a signaling pathway, repeats of a particular respon-
sive element are located upstream of the reporter gene and regulate its expression in
response to the activation of the pathway.

The advantages of the use of new reporter gene systems in cell-based uHTS
are multiple instrumentation platforms, diversity of reagent kits, acceptable cost,
greater signal amplitude, assay stability and most importantly, reporter gene assays
are highly amenable to miniaturization. Reporter gene assays have their limitations
too.

For example, reporter gene assays designed to detect Gs coupled receptor activity
are often configured to amplify the signal via multiple copies of the cAMP res-
ponsive elements. Reporter gene assays designed to detect the receptor activity via
calcium mobilization typically utilize the NFAT responsive element or flash-light
reporter gene systems. NFAT mediated gene expression is dependent on both the
amplitude and the duration of the calcium flux and therfore NFAT-driven reporter
gene assays can not be detect rapid calcium-mediated responses.
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1.13 Photoprotein Readouts and Cell-Based Assay Development

Obviously, cell-based assays screens designed to detect calcium mobilization via
flash-light reporter gene systems were limited to those receptors that signal through
the Gaq pathway. Co-expression of a promiscous (Ga15, G 16), or chimeric G-
protein can switch the signal of the GPCRs to the IP3 pathway and calcium release
(see Fig. 1.5). These G-protein switching strategies have made calcium mobilization
screening approaches applicable to many more receptors. The calcium mobilization
could be detected through a flash-light reporter gene system or by a fluorescent
imaging system that collects information about the calcium flux in each well. The
intracellular calcium concentrations could be measured by preloading the cells with
a calcium-sensitve fluorescent dye, such as Fluo3 (Minta et al. 1989).

Calcium mobilization screens are often used as a single readout suited for the
identification of agonist activities. Antagonist screens are typically configured as
binding assays using isolated receptors or membrane preparations with a radiola-
beled ligand readouts.

Flash-light reporter genes as mitochondially tagged aequorin (mtAequorin) or
clytin (mtClytin) are widely used for the identification of agonist and antagonist ac-
tivities in two step bioluminescent readouts. Generic CHO-based reporter cell lines
constitutively expressing the mtClytin or mtAequorin respectively are used to gene-
rate recombinant G-protein coupled receptor cell lines. The activation of recombi-
nant GPCR by its ligand (Fig. 1.6, Signal 1) leads to the initiation of a cascade
of reactions releasing Ca®*, that triggers the emission of bioluminescence by the
mtAequorin or mtClytin present in the system. The amount of light emission corre-
lates directly to the used ligand concentration.
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Fig. 1.6 Kinetic readout of flash-light type reporter gene aequorin in 1536-well format. Y:
RLU/s:relative light units, X: time [s]
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To differentiate between agonists and antagonists a second readout is neces-
sary. Non saturating ligand concentrations of the recombinant GPCR lead to a par-
tial activation and consumption of the coelenterazine-loaded photoprotein amount.
The second line activation of an endogenous Gaeq GPCR (here P2Y2 receptor,
Fig. 1.6, Signal 2) by its ligand triggers the emmsion of bioluminescence of the
coelenterazine-loaded photoprotein which was not triggered by the activation of the
recombinant GPCR. The amount of light emission of the second signal correlates di-
rectly to the ligand concentration of the recombinant GPCR. This principle could be
used to differentiate between agonists and antagonist in a two step bioluminescence
readout.

1.14 Multiplexing Reporter Gene Readouts

An early drug discovery approach focusing on gene families can benefit from strate-
gies that exploit common signaling mechanisms to more effectively identify and
characterize novel chemical lead structures. Multiplexing, defined as the screening
of multiple targets or the use of different reporter genes within the same experiment,
are examples of this strategy (Miret et al. 2005).

To meet the increasing demands of compound testing created by combinatorial
chemistry, technology investments in screening are focused on 3 major areas: minia-
turization, automation, and multiplexing. Miniaturization attempts to increase the
density of data points per plate of a particular assay format, whereas automation
provides equipment to perform these assays with fewer human resources and higher
reproducibility. Both of these approaches are applicable to any target class. Mul-
tiplexing allows for the parallel processing of multiple targets and promises to in-
crease efficiencies, reduce costs, and improve the quality and content of screening

Fig. 1.7 Use of Mluc in cell-based 1536 assay format. CHO cell line with recombinant Metridia
luciferase under the control of a CRE regulated promoter. X-axis: increasing concentration of
forskoline (left to right), Y-axis: increasing concentration of coelenterazine (fop to bottom)
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data. In addition, it can also simplify the construction and execution of target selec-
tivity panels. The use of multiplexing in hit discovery has been previously reported
for kinases, nuclear receptors, and GPCRs. Common strategies of cell-based multi-
plexing assay approaches are combinations of glow- and flash-light reporter genes
or reporter genes with different substrate specificity. Combinations of Firefly lu-
ciferase (Glow) with photoproteins as mtAequorin or mtClytin or Firefly luciferase
(Glow) with Metridia luciferase (Glow, Fig. 1.7) are mixtures of both approaches.

1.15 Ultra High Throughput Screening

The availability of genomic information significantly increases the number of po-
tential targets available for drug discovery. In a chemical re-search approach, ultra-
high throughput screening (uHTS) (a screening robot-system for cellbased assays
is shown in Fig. 1.8) of validated targets takes place early in the drug discovery
process. Effective implementation of a chemical strategy requires assays that can
perform uHTS for a large numbers of targets. Most assay principles are based
on receptor competition between a substrate or ligand and the candidate com-
pound measured by either binding or function of the receptor. Assays are tuned
for the detecting competitive inhibitors. The rules of receptor theory and enzy-
mology together with the detailed knowledge of the kinetic behaviour of the sys-
tem dictate the most straightforward conditions for identifying inhibitors or activa-
tors.

Recent advances in organic synthesis, and combinatorial chemistry in particular,
made available large libraries of small synthetic compounds. The established chem-
ical access to these small molecules offer the possibility for the fast expansion of the
chemical space around active compounds by structural derivatization. As a conse-
quence, today most big pharmaceutical companies predominantly rely on libraries

Fig. 1.8 A Bioluminescent readout in cell-based HTS. B Picture of a uHTS Robot-System for
compound screening (Bayer Healthcare AG, Wuppertal, Germany)
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made up of synthetic compounds for lead discovery. The identified lead structures
provide entry points into medicinal chemistry programs.

A lead structure displays a desired biological activity but does not yet combine
all pharmacodynamic and pharmacokinetic properties required for therapeutic use.
The comprehensive list of attributes required from a lead structure explains why the
discovery of novel molecules is expected to be a rare event. In most cases, uHTS
derived lead candidates display liabilities regarding one or more properties and sig-
nificant medicinal chemistry efforts are needed to completely assess the potential of
a novel compound class.

Experimental testing of candidate drug compounds remains the major route for
lead discovery in the drug discovery process. uHTS using targeted assays together
with the design of combinatorial chemistry libraries have matured over the last
decade to provide a technology platform for lead discovery. Converting the knowl-
edge of the target mechanism and underlying molecular recognition principles into
robust and sensitive assays is a prerequisite of successful uHTS screening.
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Abstract The wealth of genetic information available in life sciences now allows
the engineering of DNA and RNA molecules, proteins, cells, tissues and even entire
organisms with wanted properties. This is due to large scale sequencing projects that
determined the DNA sequence of the entire human genome and of the genomes of
several animal species, microorganisms and pathogens. At the same time microar-
ray technology advanced to a stage that permits measuring the expression levels
of thousand of genes simultaneously in one single experiment. In addition, specific
bioinformatic tools have been developed to determine transcriptional “signatures”
of various cell types, tissues and entire organisms, both in the normal and patho-
logical state. Furthermore, various data mining strategies are being used for gene
discovery and for a systematic and genome wide understanding of complex gene
networks.

Here we provide an overview of data mining strategies for microarray gene ex-
pression data, including (i) data preprocessing, (ii) methods of cluster analysis and
(iii) the retrieval of information from knowledge-based databases and their inte-
gration into microarray data analysis workflows. Our analysis shows examples of
mining strategies for antigen presenting dendritic cells (DC) that were treated with
transforming growth factor g8 type 1 (TGF-£1).

2.1 Introduction

The development of DNA microarrays about 15 years ago represents one of the most
revolutionary inventions in cell biology. DNA microarrays allow measuring the ex-
pression levels of thousand of genes simultaneously thereby generating profiles of
mRNA expression for the entire transcriptome of an organism. DNA microarrays
are made by robotic disposition of complementary DNA (cDNA) in an ordered ar-
ray on glass or nylon membrane supports. Each spot corresponds to a sequence
that is highly specific for a gene of interest and one single DNA microarray can
now cover all genes of a given organism. The technologies employed for produc-
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ing microarrays are diverse: manufacturers like Affymetrix use photolithography to
synthesize oligonucleotides directly on the support thereby achieving densities of
1,300,000 oligonucleotides on a 1.3 cm? surface for measuring 38,500 genes.

DNA microarrays are now being used in scientific research and medical diagno-
sis to address a wide range of very diverse questions. In addition, novel applications
of DNA microarrays emerged with genome sequencing projects that provided the
complete sequence information of a given organism. This genome-wide sequence
information now allows measurements that are more than just comparing gene ex-
pression levels. For example, DNA microarrays are being designed for determining
single nucleotide polymorphisms (SNPs) in order to map and relate individual gen-
uine variations with a particular disease or phenotype. Another newly developed
form of DNA microarrays is the tiling array. Such tiling arrays cover the organisms’
entire genomic sequence to systematically interrogate genomic regions. For exam-
ple the seven Affymetrix human tiling arrays contain 45 million oligonucleotide
probes tiling the entire human genome at an average resolution of 35 base pairs.
Such tiling arrays are most suitable to precisely map novel RNA transcripts and
therefore extend the information that is obtained by conventional gene expression
arrays. Additionally, tiling arrays are now being used in chromatin immunoprecip-
itation (ChIP) studies to map the positions of transcription factors and other DNA
binding molecules on a global scale. Epigenetics represents an intensive field of
research and tiling arrays allow the identification of DNA methylation patterns [26].

Importantly, DNA microarrays emerging as a novel genomic platform technology
raised multiple challenges: (i) the genome-wide analysis produces huge amounts
of data that need to be processed, stored and managed; (ii) advanced data mining
techniques have to be employed to assess and understand the underlying biological
events. Frequently, data mining or knowledge discovery involves multiple iterative
steps:

1. Data preprocessing;
2. Data mining;
3. Data presentation;

4. Interpretation of the results.

Genome wide microarray studies are systematic and unbiased approaches for a given
question and produce results that are often outside of the expertise of the investiga-
tor. Therefore, the extracted information needs to be enriched with knowledge from
additional sources in order to put data into context. However, integrating additional
information adds further dimensions to the data and increases the complexity of
finding relevant clusters by traditional clustering techniques, such as k-means or
agglomerative hierarchical clustering. Techniques, like principal component analy-
sis (PCA) [35] or singular value decomposition, are often used in gene expression
mining. They are known as feature transformation methods that allow to summarize
data and to reveal hidden structures. Subspace clustering is also used in microarray
analysis for mining of high dimensional data. Subspace clustering selects subsets
from all dimensions (e. g. samples or patients) to identify groups of genes that ex-
hibit similar expression profiles in the selected subset of dimensions.
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Other data mining strategies perform searches no longer on gene expression
values but directly on meta-data such as gene function. Here we will show an exam-
ple for Gene Ontology (GO) [2] over-representation analysis that became a standard
in DNA microarray analysis workflows.

2.2 Data Processing

2.2.1 Challenges in Data Acquisition and Processing

One of the major challenges in microarray technology is to demonstrate the consis-
tency of the data points measured. This issue has been addressed very recently by
the MicroArray Quality Control (MAQC) project [29]. This consortium showed that
for many manufacturers the most recent generation of DNA microarrays allows ro-
bust and precise monitoring of gene expression of a given biological sample. Thus,
microarray quality is not a major concern anymore and variability in data points
is mainly inherent to the biological samples and their preparation, and to some ex-
tent also influenced by microarray scanning and data preprocessing. Factors playing
a major role in data consistency can be categorized as follows:

* Precision (defines the reliability of the measurement);

* Accuracy (shows how close signal intensity translates into expression levels for
a given gene);

* Specificity (indicates whether the DNA sequence present on the array measures
the expression of the gene it has been design for);

» Sensitivity (describes the limitation of detecting low abundant transcripts while
maintaining an acceptable accuracy and specificity).

All these criteria rely on the array design, preparation of the biological material and
data processing. In the following we will review the currently available methods
for preprocessing of raw data and how these data are further processed for gene
mining.

2.2.2 Data Preprocessing: An Overview

Here we will focus on the Affymetrix platform that received the most attention from
the bioinformatic community and is also one of the most widely used microarray
technologies.

The Affymetrix platform uses one-color microarrays as opposed to two-color mi-
croarrays. For one-color microarrays one RNA sample is hybridized to a single array
while for two-color microarrays two RNA sample are hybridized competitively to
the same array. These different technologies imply a difference in signal interpre-
tation. The signal obtained from two-color microarrays is the ratio of abundance of
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the test sample with respect to the control sample whereas with one-color techno-
logy measures are absolute expression values. Signal processing is also different,
but some steps are identical, such as image acquisition and primary data analysis
that produce the raw expression values.

The first step in data preprocessing is the background noise correction which is
particularly difficult. This is because the background noise correction has two con-
tradictory effects: it simultaneously increases accuracy and lowers the precision by
increasing the variance between replicates. For more information on background
noise corrections we refer to the Affymetrix manual [1] and [5].

In the next step raw expression levels need to be normalized in order to be com-
parable across samples. There are numerous normalization methods that often rely
on platform specific features. For reasons of space we will not cover this topic here
in detail but refer to Chap. 2 of Gentleman et al. [10] and also to some excellent
reviews [6, 16, 27]. Yet, it is important to point out that a direct and quantitative
comparison between the expression levels of different genes on the same microarray
is not possible since each probe/gene on the microarray hybridizes with the target
sequence with a different specificity. Consequently, the relation between signal and
transcript concentration is not linear for low and high transcript concentrations and
thus unique for every probe. Microarray technology accurately measures variations
in the abundance of a particular transcript in different biological samples and thus
up- or down-regulation of genes. The information obtained by comparing the signal
intensities of different genes of the same biological sample hybridized to the same
array is however rather limited.

Following normalization one would like to identify genes or samples that ex-
hibit a similar expression profile e. g. by performing gene clustering. At this stage
it is important to know that the choice for the distance or similarity measure is
crucial before any clustering is performed. Thus, gene clustering can lead to dif-
ferent interpretations depending on the similarity measures applied. There are dif-
ferent types of distances that exhibit different properties. Frequently, distance is
categorized into three types: (i) Minkowski metrics, (ii) parametric correlation and
(ii1) non-parametric correlation. Minkowski metrics (1) yields Manhattan and Eu-
clidean distances with p = 1 and p = 2, respectively.

Minkowski Metrics (2.1)
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For the Minkowski metrics the distance between samples is the same for relative
and absolute expression measures (two-color microarrays). This does not hold for
the distance between genes. On the other hand, distances based on the Pearson cor-
relation (2.2) yield the same distance between genes for both relative and absolute
measures but not for the distance between samples. Considering these facts and that
most people are interested in classifying similar multidimensional gene expression
profiles, the most widely used metrics are the correlations, such as Pearson correla-
tion.



2.3 Gene Discovery by Gene Clustering 27

The Pearson correlation (2.2) and its related correlations, like the cosine distance
used by Eisen et al. [9], give good results when clustering aims at the identification
of genes with similar expression profiles independently of scale.

Pearson Correlation Coefficient (2.2)
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The Pearson correlation and their derivatives are parametric and able to measure lin-
ear relations between gene vectors of expression values but are sensitive to outliers.
Pearson correlation can also be used to classify samples but with the assumption
that the populations are normally distributed. A normal distribution of expression
values is in fact observed in the large majority of microarray experiments performed
today [11]. Parametric correlation measure can — due to its sensitivity to outliers —
give non-homogeneous cluster solutions. In this case non-parametric correlations,
such as Spearman rank correlation or Kendall’s T rank correlation, are preferred.

Further measures of similarity have been specifically designed for gene expres-
sion clustering. Often microarray experiments have an underlying structure deter-
mined by covariate (supplementary) information such as treatment, cell or tissue
type, or time. Those features can be incorporated into the similarity measure as
weight to make clusters more relevant [4, 14]. Furthermore, to create even more
meaningful clusters, genes can be linked to knowledge-based databases such as lite-
rature co-citation or biological pathway information. Text mining on the available
online medical literature to extract gene function annotation is a particularly dy-
namic field of bioinformatics research [24,33]. The general idea behind text mining
for gene co-citation is that genes that are cited in the same paper might be function-
ally related [17]. Another approach outlined in Maere et al. [23] produces clusters
based on GO. GO describes genes according to their cellular component, biologi-
cal process, molecular function etc. Numerous tools make use of the GO classifi-
cation and are listed on the GO web page (http://www.geneontology.org/GO.tools.
microarray.shtml). The majority of these software tools perform statistical tests on
the genes of interest by searching for enriched GO classes. Further methods pro-
pose to incorporate knowledge from GO to assess or improve the cluster interpreta-
tion [15].

D(x,y) =
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2.3 Gene Discovery by Gene Clustering

Gene clustering aims at identifying groups of genes exhibiting common features
in complex data sets. There are many clustering algorithm that essentially can be
classified into hierarchical and non-hierarchical clustering (Fig. 2.1). Classical ap-
proaches for clustering are the partitioning and hierarchical algorithms, but there is
no universal clustering algorithm that fits all applications. So far non-hierarchical
clustering has received the most attention (Fig. 2.1). Agglomerative hierarchical
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Fig. 2.1 Schematic representation of clustering algorithms

clustering with heatmap representation was one of the first clustering method ap-
plied to gene expression profiling published by Eisen et al. [9] in 1998.

There are basically two ways for generating clusters by hierarchical clustering:
either agglomerative or divisive, depending whether the tree is built from bottom to
top or vice versa. Agglomerative hierarchical clustering is mainly used and gives
better results than the divisive methods [19]. Agglomerative hierarchical methods
use different linkage methods to cluster the groups when building the tree and most
frequently the average linkage method (UPGMA) is used. A list of available linkage
methods is given in Table 2.1.

Table 2.1 The different linkage methods commonly used for hierarchical clustering

Methods Description

Single Shortest distance or nearest neighbor [25]

Average Unweighted average distance (UPGMA) also called Group average distance
Weighted Weighted average distance (WPGMA)

Complete Furthest distance/neighbor [32]

Mcquitty Similar to single method [20]

Ward Inner squared distance; for interval-scaled measurements [13]

Median Weighted pair-group method using centroid (WPGMC)

Centroid Unweighted pair-group method using centroid (UPGMC)

Flexible Generalization of the others [13]
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There are three types of non-hierarchical clustering algorithms: (i) partitioning
methods, (ii) hybrid methods combining partitioning and hierarchical methods and
(iii) further methods such as density based clustering or subspace clustering [13].

Hierarchical clustering methods perform well on data sets with a few dimen-
sions but when the dimensionality increases other clustering techniques should be
considered. In this instance principal component analysis (PCA) and subspace clus-
tering, like CLIQUE or PROCLUS, will perform better and find more meaning-
ful clusters than the classical hierarchical clustering. An extensive literature exists
on high-dimensional clustering approaches [13]. An interesting method applied
in microarray mining is the frequent pattern mining technique, such as bicluster-
ing [8]. Biclustering works on the genes and the conditions to produce subclus-
ters [34]. This clustering method finds genes regulated in the same way between
just a subset of the samples. For a survey on biclustering techniques see Madeira
et al. [22].

In summary, the results obtained by clustering, either hierarchical or non-hier-
archical clustering, are highly dependent on the metric (distance or similarity/
dissimilarity) used to quantify the difference between the features. It is important
to note that all clustering techniques described here are unsupervised methods. Su-
pervised methods, such as those employed in machine learning techniques, are not
often used in gene expression mining. Machine learning is however often employed
in medical applications where one wants to classify a new sample or patient within
a given disease category.

2.4 TGF-B1 Signaling in Dendritic Cells Assessed
by Gene Expression Profiling

Conventional strategies in biology analyze the impact of a single gene or its
product on a biological phenomenon mainly by employing hypothesis driven ap-
proaches. This has now changed by analyzing genes and/or proteins in systematic
and unbiased approaches within complex regulatory networks on a global scale, for
example by DNA microarrays. The wealth of information obtained requires novel
ways of data acquisition, management, mining and the representation of the knowl-
edge. In the following we will demonstrate the power of such genome-wide ap-
proaches by analyzing the impact of the multifunctional cytokine TGF-81 on gene
expression in dendritic cells (DC), a key cell of our immune system. This study led
to the identification of major players in DC development [12, 18].

DC are professional antigen presenting cells that induce antigen specific T cell
responses and control the balance between immunity and immunological toler-
ance [3,31]. DCs are derived from hematopoietic stem cells in bone marrow and
different cytokines have been implicated in DC development and function. TGF-81
is a multifunctional cytokine involved in a variety of biological processes including
DC development. TGF-81—/— mice lack for example Langerhans cells (LC), the
cutaneous contingent of DC located in epithelial tissues, such as skin [7].



30 2 Gene Arrays for Gene Discovery

In our previous work we used in vitro culture systems and gene expression pro-
filing with DNA microarrays to search for genes with a decisive function in DC
development. These studies identified the helix-loop-helix (HLH) transcription fac-
tor Id2 (inhibitor of differentiation/DNA binding 2) as one of the critical factors for
LC development [12]. Id2 is up-regulated during DC differentiation and important
for DC subset specification [12,30]. Id2—/— mice lack LC and we demonstrated
that TGF-81 up regulates 1d2 expression.

Id2 is a member of the inhibitory HLH transcription factor family that antag-
onizes the action of the activating HLH factors, such as E2A, and was found to
repress B cell genes in DC [12]. This led us to propose a model where the relative
abundance of 1d2 and for example E2A determines lineage choice by affecting the
property of a common progenitor to develop into B lymphoid cells or DC [12]. Thus,
high Id2 expression provides an environment where B cell/DC precursors are per-
missive to the action of factors with an instructive function in DC development. We
then proceeded to search for such factor by performing gene expression profiling of
TGF-p1 treated cells [18].

DC were obtained by a 2-step culture system where CD34+ stem cells from hu-
man cord blood are amplified with a stem cell factor/cytokine cocktail (in the fol-
lowing referred to as hematopoietic progenitor cells, HPC) and then induced to dif-
ferentiate into DC with GM-CSF and IL-4. HPC and DC were treated with TGF-81
for 4, 16 and 36 hours, RNA was isolated and subjected to DNA microarray analysis
using Affymetrix human HG-U95Av2 GeneChip arrays [18,28].

The first point to be addressed is “what is the global effect of TGF-£1 treatment”?
To answer this question we performed principle component analysis (PCA) on all
HPC and DC data sets by considering all genes present on the array irrespective
whether they were expressed or not. PCA separated HPC and DC data sets (Fig. 2.2)

HPC 0, 4, 16h

Fig. 2.2 Principal component
analysis (PCA) of hematopo-
ietic progenitor cells (HPC)
and dendritic cells (DC)
treated with TGF-g1 for

4, 16 and 36 hours (h), or
left untreated (0 hours) [28].
The three first components,
capturing together 99.3% of
the variability in the data sets,
are shown

/
4h 16h7

DC+TGF-B1
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and showed that TGF-S1 effectively influenced gene expression in DC. There was
only a minor effect of TGF-1 on gene expression of HPC.

PCA can also be used to classify genes but when all genes analyzed in a microar-
ray experiment are considered (frequently several thousands) the resulting images
are cluttered. Correspondence analysis, a variant of PCA, represents a way to over-
come this limitation [21].

Phenotyping of immune cells, including DC, frequently involves determining
the expression pattern of cluster of differentiation (CD) molecules. We thus pro-
ceeded to investigate changes in the expression of CD molecule in response to
TGF-p1 by hierarchical clustering and display in heatmap format (Fig. 2.3). Gene
expression values and conditions were compared using Pearson correlation coef-
ficient. The hierarchical clustering was performed by agglomerative bottom-top
UPGMA linkage method (Table 2.1) and this approach gave the most interpretable
output.

0 4 16 0 4 16 36 hTGF-p1

Progenitors Dendritic cells

Fig. 2.3 Heatmap view of hierarchical clustering of CD molecules in HPC (progenitors) and den-
dritic cells (DC) treated with TGF-81 [28]. Each row represents one gene and color indicates
expression variation: red, higher expression and blue, lower expression in relation to the mean
expression value of the gene
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There were only minor effects of TGF-1 on CD gene expression in HPC and
the most dramatic changes were observed in DC treated with TGF-£1 for 4 hours
(Fig. 2.3). This result is very much in line with the PCA result (Fig. 2.2).

Heatmap representation of hierarchical clustering provides a graphical view on
the different gene expression patterns that exist in a given data set. The main advan-
tage of hierarchical clustering over other clustering methods, including neural net-
works such as self organizing maps (SOMs), is that it is an unsupervised approach
that does not requiring further input from the user (e. g. defining the numbers of
clusters to be generated).

2.4.1 Linking Gene Expression Data to Knowledge-based
Databases

Gene function is described in a controlled vocabulary referred to as Gene Ontology
(GO) (www.geneontology.org) that describes genes and their products according to
their activity in biological processes, molecular function and cellular component.
Thus, further information on the changes in gene expression induced by TGF-£1
was obtained by GO over-representation analysis. In this approach genes are in-
vestigated for their over-representation in GO biological process categories thereby
identifying the impact of a given treatment on, for example, a particular cellular
pathway, process or compartment.

To this end 2204 differentially regulated genes were subjected to GO over-
representation analysis and most of the TGF-S1 target genes were found in GO
categories related to immune and defense responses, responses to stress, wound-
ing, pathogens etc. (Fig. 2.4). These results provide further information on the gene
categories affected by TGF-£1 in DC.

Kyoto Encyclopedia of Genes and Genomes (KEGG) represents a knowledge-
based database that contains information on gene networks including a large num-
ber of signaling and metabolic pathways. Thus, microarray data can be linked to
KEGG database for exploring gene expression data for specific pathways (Fig. 2.5).
Therefore, DC expression data were investigated for their contribution to the canon-
ical TGF-g1/Smad signaling pathway (Fig. 2.5). Changes in gene expression are
displayed in color code.

As expected the expression of a number of known TGF-g1 target genes was
found to be induced such as PAI-1. In addition, the analysis identified several novel
TGF-p1 target genes that are currently being further investigated.

2.5 Conclusions

Genome-wide gene expression profiling and advanced bioinformatics provide
unique opportunities to decipher complex biological processes and are expected to
pave the way for computational prediction of complicated cellular processes. To
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Fig. 2.5 KEGG pathway for TGF-p1 signaling with gene expression variation map. Schematic
representation of the TGF-B1 signaling pathway from KEGG database. Changes in gene expres-
sion upon TGF-B1 treatment (4 hours) of DC are displayed in color code (e.g. red, increase in
gene expression) and several TGF-S1 target genes are shown

improve the reliability of microarray technology and data management still remains
a major challenge. Initiatives, such as the Minimum Information About Microar-
ray Experiment (MIAME) society and more recently the MicroArray Quality Con-
trol (MAQC) and the External RNA Controls Consortium (ERCC), represent steps
in this direction. Here we provide an overview of classical gene mining strategies
by focusing on microarray gene expression data. Many other approaches are cur-
rently being developed that will contribute to the expanding field of system biology.
The ultimate aim is to construct in silico models that faithfully describe genomic
and molecular interactions, complicated cellular processes and finally the behav-
ior of cells. The new discipline of system biology uses concepts and methods from
physics, chemistry, statistics, bioinformatics and knowledge from biology to en-
hance our understanding of complex biological processes, thereby providing oppor-
tunities to find solutions for diseases that are out of reach in current biomedicine.
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Abstract In this chapter, we reviewed the effects of physical stimulation includ-
ing electrical potential, hydrostatic pressure, electromagnetic field, shear stress, and
heat shock application on cellular functions such as proliferation, differentiation,
gene expression, and protein production. Prospects for future investigation are also
discussed.

3.1 Introduction

It has been known for many years that the alteration of the extracellular environ-
ment including chemical and physical factors can trigger the activation of intracel-
lular signaling cascades and gene expressions in a cell. Extensive researches have
gradually revealed that chemical and physical stimulation can activate a sort of re-
ceptor molecules which induce the gene expressions. For example, the exposure of
cells to raised or reduced temperatures or to a wide variety of physical and chemical
injuries activates the expression of heat-shock proteins by causing the intracellu-
lar accumulation of abnormal or degraded proteins (Lindquist 1986; Lindquist and
Craig 1988; Lindquist 1992; Yanagida et al. 2000; Hochleitner et al. 2000; Koyama
et al. 2002a; Calini et al. 2003). As another example, the plasma membrane dis-
ruption of sea urchin eggs, fibroblasts, and endothelial cells by a mechanical injury
induces a rapid burst of localized exocytosis (McNeil 2002). The exocytotic reac-
tion is rapidly evoked in a Ca>*-dependent fashion and is quantitatively related to
the disruption magnitude (McNeil 2002). It has also been reported that a wide range
of physicochemical stimulation activated growth factors and the immunomodula-
tory cytokines production in the animal cells (Koyama et al. 1996, 1997, 2002b;
Koyama and Aizawa 2002; Lee et al. 1995; Mohamadzadeh et al. 1995; Enk et al.
1996; Wlaschek et al. 1997; Finkel 2001; Fujimori et al. 2005; Park et al. 2006).
A fundamental question which remains unanswered is how the physicochemical
stimuli trigger the synthesis of the growth factors and the immunomodulatory cy-
tokines. The chemical stimulation induced growth factors and cytokines productions
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have been extensively studied and clarified for many years. Meanwhile, it should be
emphasized at this point that, compared with the chemically induced growth fac-
tors and cytokines production, physical stimulation induced mechanisms of growth
factors and cytokines productions have not yet been elucidated.

Aizawa and coworkers have looked at the physical stimulation-induced cellu-
lar protective action for inspiration and developed a novel method for electrically
modulated cellular functions of animal cells (reviewed in Aizawa et al. 1999). When
animal cells are cultured directly on an electrode surface and then exposed to a weak
electrical potential, no electrochemical reaction is induced. The cell/electrode-
interactive effects have been reported to involve cell proliferation control, gene ex-
pression, protein production, cell differentiation, etc. Animal cells can remain alive
if the electrode potential is controlled properly (Yaoita et al. 1989, 1990; Kojima
et al. 1991). On the other hand, Koyama and colleagues (Koyama et al. 2002b;
Koyama and Aizawa 2002; Koyama et al. 2005) discovered novel modulation meth-
ods for the regulation of animal cell functions using extremely high hydrostatic
pressure exposure for a short period, during which the cells remained alive. Hy-
drostatic pressure exposure of the animal cells triggers the activation of protein
kinase C (PKC)-dependent intracellular signaling cascades (Koyama and Aizawa
2002), gene expression, and secretion of immunomodulatory cytokines (Koyama
et al. 2002b; Koyama and Aizawa 2002). Recently, the modulation of the prolifera-
tion rate of animal cells due to hydrostatic pressure has also been reported (Koyama
et al. 2005).

In this chapter, we review the effects of physical stimulation including electrical
potential, hydrostatic pressure, electromagnetic field, shear stress, and heat shock
application on cellular functions such as proliferation, differentiation, gene expres-
sion, and protein production. Most of the findings were discovered by our research
group. Prospects for future investigation are also discussed.

The dotted arrows indicated indirect or direct activation of the targets. G = G
protein; PLC = phospholipase C; PIP, = phosphatidylinositol 4,5-bisphosphate;
IP3 = inositol triphosphate; DAG = diacylgrycerol; NFxB = nuclear factor «B;
IxB = inhibitor of NFxB; MAPK = mitogen activated protein kinase; MAPKK
= MAPK kinase; MAPKKK = MAPKK kinase; ERK = extracellular regulated
kinase; JNK = c-Jun NHj-terminal kinase; Ash = abundant Src homology; Grb2
= growth factor receptor bound protein2; SOS = son of sevenless; PI3 kinase =
phosphatidylinositol 3-kinase; ECM = extracellular matrix.

3.2 Cellular Responses to Physical Stimulation

To activate useful cellular functions with the help of physical stimulation, it is neces-
sary to understand the stimulation-induced intracellular signaling cascades and the
gene expression subsequently triggered. This section introduces various types of
physical stimuli-activated intracellular signaling cascades and cytokine production.
Figure 3.1, Table 3.1 and 3.2 summarized intracellular signaling pathways, gene
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Fig. 3.1 Schematic diagram showing the intracellular signaling pathways in response to the physi-
cal stimuli

expression, and protein production activated by physical stimulation. A detailed ex-
planation is described in the below subsections from 2.1 to 2.5. Because heat shock
stress influences both membranous and cytoplasmic proteins, it is generally thought
that physical stimulation can affect not only membrane functions but also halfway
along the intracellular signaling cascades (Fig. 3.1).

3.2.1 Electrical Potential

We have investigated the effects of low voltage of electrical potential stimulation
on gene expression and protein production in mammalian cells which cultured on
an optically transparent electrode surface (Fig. 3.2). Koyama and coworkers (1996,
1997) have discovered that a 10 Hz sine wave potential application induces the nerve
growth factor (NGF) production in mouse astroglial cells. Astroglial cells had been
cultured for 7 days in a serum-free Dulbecco’s modified eagle medium (DMEM) to
synchronize a resting stage of astrocytes, which cells scarcely produce NGF. The
cells were subjected to another 1 hr culture along with the application of the sine
wave potential at varying amplitudes. NGF was maximally secreted at an upper
potential of +0.3 V and was increased by six-fold over the control.

The intracellular levels of NGF remained unchanged by the electrical stimula-
tion. Furthermore, we confirmed that the electrical potential induced NGF produc-
tion involves gene expression mechanisms activated by protein kinase C (PKC) —
activator protein-1 (AP-1) intracellular signaling pathway (Fig. 3.1 and Table 3.2;
Details are described in Sect. 3.5.1).
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Fig. 3.2 Schematic illustration of electrical potential-controlled cell culture system. Mammalian
cells are cultured on the surface of an ITO/glass electrode. The electrode potential is controlled
with an Ag/AgCl reference electrode through a potentiostat and a function generator

As another example for an electrically stimulated activation of gene expression,
Kimura and colleagues (1998a, b) have discovered a rectangular wave potential ap-
plication induces cell differentiation of PC12 cells. The electrically induced differ-
entiation was completely inhibited by both of these inhibitors including lanthanum
ion, a calcium channel blocker, genistein, a tyrosine kinase inhibitor, and chelery-
thrine, a specific PKC inhibitor, respectively (Fig. 3.1 and Table 3.2). The authors
mentioned that the electrically induced PC12 differentiation might involve a stretch-
activated (SA) calcium ion channel, because the calcium ion induction due to the
electrical stimulation was completely inhibited by a nifedipine or gadolinium ion
treatment (Details are described in Sect. 3.5.2).

Electrical potential stimulation is useful to modulate intracellular signaling path-
ways and cytokine production at the single-cell level. Therefore, electrical potential
stimulation is utilized to control protein production in a lab-on chip device.

3.2.2 Hydrostatic Pressure

In our previous study, extremely high hydrostatic pressure exposure triggered inter-
leukin (IL)-6 and -8 expression and secretion in normal human dermal fibroblasts
(Koyama and Aizawa 2002; Koyama et al. 2002b). More than 90% confluence of
the cells was pressurized at up to 70 MPa (0.1 MPa = 1 bar) for 20 min and they
remained alive after the pressurization (Fig. 3.3). The mechanisms of pressure-
induced IL-6 production involve PKC activation (Fig. 3.1; Koyama and Aizawa
2002).
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Fig. 3.3 Schematic illustration of hydraulic apparatus system

Several researchers have reported that weak hydrostatic pressure can induce gene
expression of nitric oxide synthase (NOS)-2 in chondrocytes and human optic nerve
astrocytes (Fermor et al. 2001; Liu and Neufeld 2001). Studying intracellular sig-
naling cascades using nerve astrocytes, 1 kPa of hydrostatic pressure for 12 h or 48 h
induced the activation of epidermal growth factor receptor (EGFR) tyrosine kinases
and nuclear factor (NF)x B, in which NOS-2 is involved (Fig. 3.1; Neufeld and Liu
2003). Because the pressure exposure activated EGFR tyrosine kinases in the astro-
cytes, the application of pressure might also induce the type of cytokine production
that activates EGFR tyrosine kinases. Hydrostatic pressure is useful to stimulate
numerous cells rather than the single-cell level because the pressure is uniformly
transmitted throughout the solvent. Therefore, pressure-activated gene expression is
useful to improve the protein production in large volumes.

3.2.3 Shear Stress

The effects of shear stress on the MCP-1 expression have been studied in cultured
human umbilical vein endothelial cells (Fig. 3.4; reviewed in Chien 2003). The
application of a shear stress of 12 dynes/cm? causes an increase in the monocyte
chemotactic protein-1 (MCP-1) gene expression to approximately 2.5 fold in about
1.5h. Studies on the promoter region of MCP-1 showed that the TPA responsive
element (TRE) is a critical cis-element in the shear stress activation of MCP-1. The
transcription factor for TRE is the activator protein-1 (AP-1), which is a dimmer
composed of c-Jun — c-Fos or c-Jun — c-Jun. The activation of c-Jun and c-Fos
is mediated by the mitogen activated protein kinase (MAPK) signaling pathways
(Fig. 3.1; reviewed in Chien 2003).
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Endothelial cell

Observation window

Fig. 3.4 Schematic illustration of shear stress flow chamber system

The application of shear stress (12 dynes/cm?) to cultured bovine aortic endothe-
lial cells activates the Ras pathway including ERK and JNK (Fig. 3.1; reviewed in
Chien 2003). Activation of Ras, which become GTP-bound style, occurs within se-
conds after the beginning of shearing, and the activation of the downstream signaling
molecules and gene expression follows sequentially (Fig. 3.1).

Integrins are transmembrane receptors that link the intracellular cytoskeletal pro-
teins with the proteins in the ECM to provide two-way communication between the
cell and its extracellular matrix (ECM). The integrins play a significant role in the
initiation of signaling in response to shear stress (Fig. 3.1). There are more than 20
types of integrins, each of them is composed of two subunits, « and . Shear stress
causes the association of «, 83 with Shc and the subsequent activation of the Ras
pathway (Fig. 3.1) only when the endothelial cells are cultured on ECM composed
of vitronectin or fibronectin (reviewed in Chien 2003). Another endothelial cell de-
rived integrin is @g 1 which has laminin as its cognate ECM molecule. Shear stress
can activate og 1 in endothelial cells only when they are cultured on laminin.

The shear stress is useful to modulate the cytokine production at the single-cell
level and it can be utilize to modulate the protein production in microfluidic devices.

3.2.4 Heat Shock

The heat shock proteins (hsps) are strongly induced by high and low temperatures,
starvation, and a wide variety of other stresses, conditions which repress the synthe-
sis of most cellular proteins. The hsps are induced by a myriad of stresses, including
ethanol, anoxia, inhibitors of electron transport, amino-acid analogs, virus infec-
tions, arsenite and cadmium (Lindquist and Craig 1988; Lindquist 1986; Lindquist
1992). Several hsps, or their close relatives, are expressed at normal temperatures
and play vital roles in the cell growth as well as in the stress tolerance. Their induc-
tion is often accompanied by tolerance of these stresses.

Besides the heat shock induced hsps, several researchers have reported that a heat
shock at 43 °C for 24h increases the synthesis and release of IL-6 into the cul-
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ture media in human skin fibroblasts (Park et al. 2006). Moreover, the heat shock-
induced expression of matrix metalloproteinase (MMP)-1 and MMP-3 is mediated
via an IL-6-dependent autocrine mechanism, in which ERK and JNK play an impor-
tant role (Fig. 3.1). As another example, Zhou and coworkers (2005) have reported
that heat shock activated p38 kinase, ERK and NF« B signal pathways in monocytes
(Fig. 3.1). The p38 pathway takes part in a heat shock induced up-regulated Toll-
like receptor (TLR) 2 and TLR4 in monocytes (Table 3.1). The induction of TLRs
was prior to that of Hsp70. This suggested that the up regulation of TLR2 and TLR4
might be independent of the induction of Hsp70.

In the same way as hydrostatic pressure, the long-term exposure of cells to heat
shock stress can be used to improve the large-volume protein production.

3.3 Electrically Controlled Proliferation
Under Constant Potential Application

3.3.1 Electrical Potential-Controlled Cell Culture System

Aizawa and coworkers have developed a novel method for electrically modulating
cellular functions of animal cells (reviewed in Aizawa et al. 1999). Animal cells
are directly cultured on an electrode surface and then exposed to a weak electri-
cal potential which does not induce any electrochemical reaction. Figure 3.2 shows
a schematic illustration of an electrical potential-controlled cell culture system (re-
viewed in Aizawa et al. 1999). To avoid electrochemical reactions, the application
of the electrical potential to the animal cells was carried out using a three-electrode
system that included working, counter-, and 0-V reference electrodes. An indium
tin oxide (ITO) optically transparent working electrode is placed on the bottom of
a culture dish with the counter- (Pt) and reference (Ag/AgCl) electrodes. Animal
cells are directly plated onto the ITO electrode surface. This is followed by filling
the culture dish with a culture medium. A potentiostat and a function generator con-
trol the ITO working electrode potential. Living animal cells remain alive on the
ITO electrode surface if the electrical potential is properly controlled (Yaoita et al.
1988, 1989; Kojima et al. 1991).

3.3.2 Cell Viability Under Constant Potential Application

Using the potential-controlled cell culture system (Fig. 3.2), the viability of ani-
mal cells was examined under a constant potential application between —0.4 V to
+1.2'V, a potential range that did not induce water electrolysis and electrochem-
ical reactions (Yaoita et al. 1988, 1989). HeLa cells were cultured on the opti-
cally transparent working electrode for a few days, followed by a potential appli-
cation (Yaoita et al. 1988). After the potential application, the HeLa cells were
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examined using the trypan blue dye-exclusion viability test (Fig. 3.5). Almost all
of the HeLa cells remained alive until the electrical potential reached +0.65V vs.
Ag/AgCl for 5 days of cultivation. At constant potential application of +0.7 V (vs.
Ag/AgCl), the necrosis of the HeLa cells was gradually induced, and almost all of
the cells died after a 12-h exposure (Table 3.2). At +1.0 V (vs. Ag/AgCl) and greater
constant potential application, the necrosis of the HeLa cells occurred within 2 h
(Fig. 3.5).

The relationship between constant electrical potential and the morphology of an-
imal cells is schematically illustrated in Fig. 3.6 (reviewed in Aizawa et al. 1999).
At a potential of less than —0.2'V (vs. Ag/AgCl), the animal cells on the working
electrode became globular and then gradually swelled outward, projecting the intra-
cellular contents (Fig. 3.6). At +0.4V (vs. Ag/AgCl) and greater positive potential
application, the animal cells on the electrode became rounded (Fig. 3.6). Despite the
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fact that the electrical potential-induced death of cells depends on the type of ani-
mal cells, the electric effect on cell morphology tends to differ only slightly among
various animal cells (Aizawa et al. 1999).

3.3.3 Electrical Modulation of Cellular Proliferation Rate

Since mammalian cells are one of the major devices for producing functional pro-
teins, controlled cell proliferation techniques are very attractive for the application
in cellular engineering. When applying a constant potential to the electrode surface
on which animal cells are cultured, these cells proliferate at various rates depending
on the electrode potential (Yaoita et al. 1988, 1990; Kojima et al. 1991, 1992). The
proliferation of HeLa cells cultured on the electrode surface is markedly inhibited
and the cells undergo morphological change (Yaoita et al. 1988, 1990). At potentials
of +0.6 and 4+-0.65 V vs. Ag/AgCl, the proliferation rates of HeLa cells decreased to
70% and 20%, respectively, compared with cells to which no potential was applied
(Table 3.2). With a constant potential application of +0.6 V, the HeLa cells became
globular in shape without disruption of actin filament structures. Almost all of the
HeLa cells remained alive in case of a constant potential application of +0.65V vs.
Ag/AgCl for 5 days.

As another example, human carcinoma MKN45 cells stopped proliferating and
showed morphological changes at +0.4V (vs. Ag/AgCl) potential and grew nor-
mally again when the electrode potential shifted to +0.1 V vs. Ag/AgCl (Table 3.2;
Fig. 3.4; Kojima et al. 1991, 1992). More than 90% of the MKN45 cells remained
alive until the constant potential of 40.4V vs. Ag/AgCl was applied for 100h
of cultivation. Simultaneously with the proliferation rate experiment, Kojima and
coworkers (1991) examined the membrane fluidity of MKN45 cells by measuring
the fluorescent anisotropy. After a potential application of +0.4 V vs. Ag/AgCl for
60 h, the fluorescent anisotropy increased by 10% compared with the MKN45 cells
to which no potential was applied (Table 3.2; Kojima et al. 1991). HeLa cells on the
potential-controlled electrode showed the same reactions, and thus the fluorescent
anisotropy increased by 10% compared with the control cells after a potential of
+0.6 V vs. Ag/AgCl was applied for 1 h (Table 3.2; Yaoita et al. 1988). An increase
in the fluorescent anisotropy means a decrease in the membrane fluidity, which is
one of the keys to solving the mechanisms of the inhibition of cell proliferation.

3.4 Modulated Proliferation Under Extreme Hydrostatic
Pressure

Since high hydrostatic pressure exposure decreases the membrane fluidity in animal
cells (Gibbs 1997), the application of pressure can also modulate cell proliferation
rates in the same manner as constant an electrode potential application (Fig. 3.7;
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Yaoita et al. 1988; Kojima et al. 1991). Koyama and colleagues (2005) confirmed
this hypothesis and reported that the application of high hydrostatic pressure modu-
lates the cell proliferation rate changes in mouse 3T3-L1, conger eel (Conger myr-
iaster), and deep-sea eel (Simenchelys parasiticus; habitat depth, 366 —2630m)
cells. They investigated the survival rates of mouse 3T3-L1, conger eel, and deep-
sea eel cells after the exposure to high hydrostatic pressure for 20 min (Fig. 3.8;
Koyama et al. 2005). The cell viability was investigated using double staining with
both calcein-AM and EthD-1. The majority of the mouse 3T3-L1 cells at 37 °C and
all of the conger eel cells at 25 °C remained alive until pressure reached 60 MPa
(0.1 MPa = 1 bar, Fig. 3.8). At 15°C, conger eel cells began to sustain damage or
die at pressure of only 5 MPa (Fig. 3.8). All of the deep-sea eel cells remained alive
at 150 MPa, although no mouse and conger eel cells remained alive at pressures of
130 MPa and greater (Fig. 3.8).

Figure 3.9 shows the cell proliferation rates of each cell type under pressure con-
ditions (Koyama et al. 2005). From the results in Fig. 3.8, Koyama and colleagues
(2005) set the temperature conditions for mouse, conger eel, and deep-sea eel cells
at the growth optima of 37 °C, 25 °C, and 15 °C, respectively. When no statistically
significant differences in cell density between O and 100h was detected, the cell
growth rate was considered to be zero. The conger eel cells were sensitive to high
hydrostatic pressure and did not grow at 10 MPa. On the other hand, the mouse
3T3-L1 cells grew more rapidly at pressure of 5 MPa than at atmospheric pressure
and stopped growing at 18 MPa. Even though surface-dwelling organism-derived
cells such as mouse and conger eel cells did not grow at a pressure greater than
18 MPa, deep-sea eel cells were capable of growth at high hydrostatic pressure of
up to 25 MPa. Mouse 3T3-L1, conger eel, and deep-sea eel cells became rounded
after 2-3 days of cultivation under the pressures of 18, 10, and 30 MPa, respectively.

The cell proliferation rate of mouse 3T3-L1 cells increased by 27% at the pres-
sure of 5 MPa compared with the rate under atmospheric pressure (Fig. 3.9). Several
researchers reported that the application of weak pressure, such as gas pressure of
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4 — 12 kPa and H,O pressure of 0.4 kPa, promoted the cell proliferation rates of rat
mesangial cells and human umbilical vein endothelial cells, respectively (Kawata
et al. 1998; Schwartz et al. 1999). Hydrostatic pressure-induced cytokine gene ex-
pression and secretion involve the PKC activation in normal human dermal fibro-
blasts (Koyama et al. 2002b; Koyama and Aizawa 2002). Because some cell types
can be stimulated to proliferate in culture when PKC is activated (Alberts et al.
2002), the mechanisms of pressure-stimulated cell proliferation in mouse 3T3-L1
cells might involve the activation of PKC-signaling cascades.
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3.5 Electrically Modulated Gene Expression
Under Alternative Potential Application

3.5.1 Electrically Stimulated Nerve Growth Factor Production

Since controlled gene expression techniques are of great interest for the application
in cellular engineering, our efforts were concentrated on determining the electric
effects of the alternative potential application in activating gene expression pro-
cesses. First, we investigated the glial cell-driven nerve growth factor (NGF) pro-
duction (Table 3.2; Koyama et al. 1996, 1997), which restores neuronal function in
the brain (Levi-Montalcini 1987; Whittemore and Seiger 1987). Mouse astroglial
cells that had been cultured on an electrode (Fig. 3.2) for 7 days in a serum-free
Dulbecco’s modified Eagle’s medium (DMEM) were subjected to the application of
10-Hz sine-wave electrical potential at varying amplitudes for another 1 h of culture.
After the electrical stimulation, the cells were placed in fresh DMEM containing
1% (w/v) bovine serum albumin and cultured for another 24 h. After the incuba-
tion, we determined the levels of secreted and stored NGF proteins. The electrical
stimulation induced NGF secretion, the although intracellular NGF levels remained
unchanged after the stimulation (Fig. 3.10). The NGF was maximally secreted by
an upper potential of +0.3V vs. Ag/AgCl. The NGF secretion was increased by
six- and three-fold compared with the control at +0.3V (p < 0.001) and +0.4V
(p < 0.005), respectively. However, the astrocytes began to be partially detached
from the growth surface of the ITO working electrode at a stimulation of +0.4 V.
This was the first direct demonstration that the NGF protein production is enor-
mously enhanced by stimulating resting-stage astrocytes with a low-frequency sine-
wave potential (Koyama et al. 1996, 1997).

The expression of the NGF gene correlates with several protooncogenes encod-
ing proteins of the Fos and Jun families. These proteins can form homodimers or
heterodimers, referred to as AP-1, which behave as transcriptional factors (Hala-
zonetis et al. 1988; Rauscher et al. 1988; Smeal et al. 1989; Zerial et al. 1989). In
fibroblasts, the NGF mRNA expression is mediated via the interaction of the c-fos
protooncogene with the AP-1 binding site in the first intron of the NGF gene (Hen-
gerer et al. 1990; D’Mello and Heinrich 1991). Furthermore, the levels of NGF tran-
scripts changed corresponding to the levels of c-jun transcripts (Jehan et al. 1995).
The results in those reports suggested that the NGF secretion might also be induced
by a sine-wave potential application in association with AP-1 complexes. To con-
firm this hypothesis, we extensively assayed electrically stimulated astroglial cells
for NGF, c-fos, and c-jun expression to elucidate the molecular mechanisms.

Figure 3.11 shows the time course of the NGF, c-fos, and c-jun mRNA expres-
sion. In the c-fos mRNA expression, the mRNA level in electrically stimulated as-
troglial cells reached a maximum at 30 min, followed by a decrease to the control
level at 2 h. On the other hand, the time course of the c-jun expression gradually in-
creased, as shown in Fig. 3.11, and was similar to that of the NGF expression. These
results indicate that the electrical sine-wave potential application induced the c-fos
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and the c-jun mRNA expression, and consequently the NGF mRNA was expressed
to release NGF proteins. As the electrically stimulated NGF secretion is inhibited
by either the PKC inhibitor staurosporine or the PKC down-regulator phorbol 12-
myristate 13-acetate (Koyama et al. 1996), the electrically stimulated NGF expres-
sion and secretion are modulated by the PKC-AP-1 signaling pathway in astroglial
cells (Fig. 3.12).

3.5.2 Electrically Induced Differentiation of PC12 Cells

As another example of an electrically stimulated activation of gene expression,
Kimura and coworkers (1998a, b) succeeded in the differentiation of PC12 cells via
a rectangular-wave potential application-induced c-fos mRNA expression
(Table 3.2). PC12 is a cell line originating from pheochromocytoma in the rat
adrenal medulla and it differentiates into sympathetic nerve-like cells with NGF
treatment (Greene and Tischler 1976), extending long neurites that have been used
as good markers to investigate the differentiation.
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PC12 cells were cultured on an ITO electrode, as shown in Fig. 3.2, and subjected
to a rectangular peak-to-peak potential of 100 mV with a frequency of 100 Hz for 5 —
60 min every 24 h, repeated 3 times, followed by an incubation for 2 days at 37 °C.
The differentiation assay was performed in randomized areas by counting the per-
centage of cells that extended neurites of more than 10 wm in length. Figure 3.13
shows the differentiation ratio of PC12 cells. With an electrical application for 5 min
repeated 3 times, PC12 cells differentiated slightly but proliferated as well as nor-
mally cultured cells. After being subjected to the electrical potential for 30 min and
this being repeated 3 times, the cells differentiated at a rate of 16.2+0.26% (n = 3).
When PC12 cells were treated for 60 min every 24 h, repeated 3 times, and then
incubated for 2 days, the differentiation ratio was 9.94+0.71% (n = 3). However,
a rectangular potential stimulation for more than 60 min may be harmful because
some PC12 cells sustain damage or die after the application. These results demon-
strate that low-frequency potential stimulation induces the differentiation of PC12
cells without any growth factor.

Calcium-ion influx (Morgan and Curran 1986; Manivannan and Terakawa 1993)
and the activation of the c-fos mRNA expression (Kruijer et al. 1985) have been
known to induce the differentiation of PC12 cells. Kimura and colleagues (1998b)
showed that the rectangular potential stimulation-induced differentiation of PC12
cells was involved in the activation. The treatment with lanthanum ion, a calcium
ion-channel blocker, completely inhibited the potential-induced differentiation of
PC12 cells, although the cells treated with both lanthanum ion and NGF extended
long neurites in a manner similar to normal NGF-treated cells, as shown in Fig. 3.14.
Kimura et al. also examined the effects of chelerythrine, a specific PKC inhibitor, on
the potential application-induced differentiation (Fig. 3.14). In the presence of both
NGF and chelerythrine, the neurite outgrowth was slightly reduced (Fig. 3.14). On
the other hand, the electrically stimulated differentiation was completely inhibited
by the chelerythrine treatment (Fig. 3.14). The electrically induced differentiation
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Fig. 3.14 Differentiation and c-fos mRNA expression in PC12 cells treated with electrical stimu-
lation or NGF in the presence or absence of chemical compounds. The cells were treated with
20 uM of nifedipine, a specific L-type calcium channel blocker, 1 wM of chelerythrine, a PKC
inhibitor, or 100 wM of LaCl3, a nonspecific calcium-ion channel blocker. The cells were subjected
to the electrical potential for 30 min every 24 h, repeated 3 times, and then incubated for another
2 days (Potential). PC12 cells were treated with 50 ng/ml of 2.5S-NGF for either 30 min in the
c-fos experiment or 90 min in the differentiation assay (NGF(+)). Control cells were treated with
neither the electrical potential nor NGF (NGF(—))

might involve a calcium-dependent PKC-signaling cascade. Moreover, the potential
application-induced calcium-ion influx measured with indo-1 was completely in-
hibited by the treatment with either the L-type calcium ion-channel blocker nifedip-
ine or the stretch-activated channel blocker gadolinium ion. Nifedipine also com-
pletely inhibited the electrically induced c-fos mRNA expression, although it did
not inhibit the NGF-induced one (Fig. 3.14). These results indicate that the electri-
cal stimulation-induced calcium-ion influx occurred via an L-type calcium channel
as a stretch-activated channel. As mentioned above, the constant potential applica-
tion decreases the membrane fluidity of MKN45 cells (Kojima et al. 1991) and HeLa
cells (Yaoita et al. 1988). Because high hydrostatic pressure exposure also decreases
membrane fluidity in animal cells (Gibbs 1997), the repetitive potential shift might
cause oscillation of the cellular membrane due to the electrical interaction between
the working ITO electrode (Fig. 3.2) and the charged membrane molecules.

3.6 Cellular Engineering to Enhance Responses
to Physical Stimulation

Because controlled gene expression techniques are of great interest in cellular engi-
neering applications, several researchers have developed methods for instantly con-
verting the physical stimulation into an useful gene expression using hsp70 promoter
activity (Yanagida et al. 2000; Mie et al. 2003). The Hsp70 gene expression is in-
duced by various types of physical stimuli including elevated temperature (Lindquist
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1986; Lindquist and Craig 1988), hydrostatic pressure (Osaki 1998; Koyama et al.
2002a), magnetism (Goodman and Blank 2002), UV-C radiation (Niu et al. 2006),
ionizing radiation (Calini et al. 2003), and electrical stimulation (Yanagida et al.
2000). Therefore, a wide range of physical stimuli can induce an useful protein-
encoded gene expression in mammalian cells using an hsp70 promoter in a con-
structed plasmid.

Yanagida and coworkers (2000) constructed a plasmid in which an hsp70 pro-
moter was connected with a firefly luciferase and emitted the luminescence from
transfected mouse 3T3-L1 cells (3T3-HSP cells), which were cultured on a working
ITO electrode (Fig. 3.2). Figure 3.15 shows the time course of the hsp70 promoter-
induced luciferase activity in electrically and heat-stimulated 3T3-HSP cells.

The cells were exposed to a 10-Hz electrical sine-wave potential, in which the up-
per and lower peak potentials were set at +-0.3 V and 0 V, respectively, vs. Ag/AgCl,
at 37°C for 1 h. The electrically stimulated 3T3-HSP cells induced a greater lu-
ciferase activity compared with that induced by the heat treatment of 3T3-HSP cells
at 42 °C for 2h (Fig. 3.15). After the heat treatment at 42 °C for 2 h, the luciferase
activity increased and reached a maximum at 8 h of incubation after the termination
of the stimulation. On the other hand, the sine wave potential-induced luciferase
activity appeared to occur more slowly than with heat stimulation and reached the
maximum activity at 24 h of incubation. This result indicates that alternative po-
tential stimulation can modulate the hsp70 promoter activity. Using the electrically
modulated hsp70 promoter activity, Mie and coworkers (2003) demonstrated that
the electrical stimulation induced neural differentiation of mouse N1E-115 neu-
roblastoma cells in areas required to construct neural networks. They constructed
a plasmid containing a mouse NeuroD2 gene under the hsp70 promoter and trans-
fected it into the mouse neuroblastoma cell line N1E-115. The stably transfected
cells were cultured on a working ITO electrode and subjected to a 100-Hz sine-
wave potential in which the upper and lower potentials were kept at +0.4V and
—0.4V vs. the resting potential of the electrode for 90 min. Under these conditions,
the cell morphology and the proliferation rate did not change. After a 72-h incuba-
tion, the electrically stimulated cells differentiated as neural cells. This raises the
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Fig. 3.16 Relative rate of gene expression and protein production of IL-6, IL-8, and MCP-1. The
cytokine mRNA expression after 4 h of incubation were assayed, and values were normalized
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and assayed using ELISA. Values are mean =+ S.D. of four independent experiments (*p < 0.01,
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hope that it will be feasible to apply electrical stimulation to cells in order to form
neural networks in microelectronic devices.

As another example of controlled gene expression, Koyama and colleagues
(2002b) found that extremely high hydrostatic pressure stress induced the expres-
sion of a variety of immunomodulatory cytokine mRNA and protein production
in normal human dermal fibroblasts. Normal human dermal fibroblasts were found
to survive and be active in producing IL-6 and -8, and monocyte chemoattractant
protein-1 (MCP-1) under extremely high hydrostatic pressure of up to 70 MPa for
20 min. Hydrostatic pressure application at 70 MPa for 20 min markedly enhanced
IL-6 and IL-8 secretion by about 130-fold compared with the control (Fig. 3.16). It
should be noted that the secretion levels of both IL-6 and -8 at 70 MPa increased
by about 13-fold compared with those induced by pressure of 40 MPa without tran-
scriptional enhancement (Fig. 3.16). Conversely, MCP-1 secretion decreased at hy-
drostatic pressure of 40 MPa, although the mRNA level increased (Fig. 3.16). With
the application of 70 MPa, MCP-1 secretion did not change compared with the basal
level (Fig. 3.16). Although the induction of IL-1«, IL-18, and IL-12 mRNA oc-
curred under high hydrostatic pressure conditions, no translation of IL-1¢, IL-18,
and IL-12 proteins was found. The results in Fig. 3.16 indicate that hydrostatic pres-
sure stress triggers posttranscriptional regulation mechanisms that modulate the im-
munomodulatory cytokine production.

Future work in cellular engineering for the physical stimuli-induced gene ex-
pression will involve exploring specific physical stimulus-responsive promoters and
investigating stress-induced expression mechanisms.

3.7 Concluding Remarks

A variety of effects of electric stimulation, including the halting of the cell prolife-
ration (Table 3.2; Fig. 3.7; Yaoita et al. 1988, 1990; Kojima et al. 1991, 1992), the
decrease in plasma membrane fluidity (Table 3.2; Yaoita et al. 1988; Kojima et al.
1991), the changes in cell morphology and the cytoskeletal distribution (Fig. 3.6;
Yaoita et al. 1989, 1990), the gene expression (Table 3.2; Figs. 3.11 and 3.14;
Koyama et al. 1996; Kimura et al. 1998b), the activation of the hsp70 promoter
(Table 3.2; Fig. 3.13; Yanagida et al. 2000; Mie et al. 2003), the protein secre-
tion (Table 3.2; Fig. 3.10; Koyama et al. 1996, 1997), and the cell differentiation
(Table 3.2; Fig. 3.14; Kimura et al. 1998a,b), have been reported in mammalian
cells cultured on an ITO working electrode (Fig. 3.2). Among these effects, the con-
stant potential-induced inhibition of the cell proliferation and the decrease in plasma
membrane fluidity are especially similar to those of hydrostatic pressure. High hy-
drostatic pressure exposure also decreases the membrane fluidity (Gibbs 1997) and
stops the proliferation in animal cells (Fig. 3.9; Koyama et al. 2005). Similarly, ex-
tremely high hydrostatic pressure also triggers intracellular PKC-signaling cascades
(Table 3.1; Fig. 3.1; Koyama and Aizawa 2002) and consequently induces the im-
munomodulatory cytokine gene expression and the protein secretion (Fig. 3.16) as
does alternative potential stimulation (Figs. 3.10, 3.11, and 3.14). The rectangular-
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wave potential application induced calcium-ion influx occurs via an L-type calcium
channel as a stretch-activated channel (Table 3.2; Figs. 3.1 and 3.14; Kimura et al.
1998a,b). Therefore, a repetitive potential shift might cause oscillation of the cellu-
lar membrane due to electrical interaction and result in a variety of the phenomena
seen in mammalian cells.

The effects of physical stimulation on mammalian cells are certain to find a wide
range of applications, particularly in cellular engineering, tissue engineering, and
medical engineering.
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Abstract It has become clear that mechanical force plays critical roles in regu-
lating a variety of cellular functions. However, the molecular mechanism by which
cells perceive mechanical cues remains elusive. With the development of novel fluo-
rescence probes and optical microscopy, there has been significant advancement in
the spatiotemporal characterization of signaling transduction. In this chapter, we de-
scribe the recent progress in the development of fluorescence proteins and biosen-
sors capable of visualizing signaling cascades in live cells. Special emphasis is
placed on how these biosensors are applied to image the subcellular localization of
organelles and signaling/structural molecules, and the transcriptional regulation of
target genes. Several technologies, including fluorescence resonance energy trans-
fer (FRET), fluorescence recovery after photobleaching (FRAP), and fluorescence
lifetime imaging microscopy (FLIM), are highlighted to demonstrate their utility
and efficacy in live cell imaging of post-transcriptional modifications in response to
mechanical stimulation. The impact of these fluorescence technologies on cardio-
vascular research in relation to mechanobiology is also discussed. In summary, we
overview the research progress in fluorescence technologies and their applications
in mechanobiology.

4.1 Introduction

The use of fluorescence probes tagged specifically to molecules of interest and their
detection with fluorescence microscopy provide powerful technologies for live-cell
imaging of molecular events at cellular and molecular levels. The application of such
fluorescence microscopic technology to live cells can further elucidate molecular
events with spatial and temporal resolutions.

Cells in the body are exposed to physiological and pathophysiological stim-
uli that encompass both chemical and mechanical factors, and it is important
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to understand how these factors interact to modulate functions at cellular and
organ levels. Compared to the large amount of information on cellular or or-
gan responses to chemical factors, there is a paucity of knowledge on the ef-
fects of mechanical factors and their interaction with chemical factors. During
the past decade, tremendous research advances have been achieved on mechano-
biology, i.e. how cells perceive mechanical cues, and transmit them into intra-
cellular chemical signals for the regulation of cellular functions. Much of the
knowledge on mechanobiology was obtained by studying the responses of cells
in the cardiovascular system to mechanical forces due to hemodynamic factors.
For example, vascular endothelial cells (ECs) are exposed to shear stress that
play important roles in maintaining physiological functions of the vascular wall
and also in contributing to patho-physiological changes in disease. The contrac-
tion of cardiac myocytes is essential for cardiac outputs, and abnormalities in
contractility during several disease states can cause cardiac hypertrophy or heart
failure.

At the cellular and subcellular levels, mechanical forces have been shown to
activate a variety of membrane receptors and ion channels. These mechano-sensors
initiate many downstream molecular events via cytoskeleton-dependent or -indepen-
dent pathways. Such signal transduction processes involve post-translational regu-
lation, including phosphorylation, methylation, sumolation, etc. The mechanotrans-
duction not only changes the structure and function of these signaling molecules, but
also their intracellular locations. Ultimately, the mechanically initiated cues reach
the nucleus to control the transcription program with subsequent regulations of gene
expression and cellular functions.

Recent advances of fluorescence microscopy make it a very useful tool for elu-
cidating the mechanotransduction processes; the state-of-the-art technologies for
live-cell imaging of signaling is particularly valuable for investigating the spatial
and temporal aspects of molecular mechanisms in mechanobiology.

4.2 Fluorescence Proteins

4.2.1 Green Fluorescence Protein (GFP)

GFP was first discovered by Shimomura [1]. This protein is accompanied by aequo-
rin in Aequorea jellyfish. The excitation of aequorin leads to a blue emission peaked
at 470 nm, which trans-activates GFP to emit a bright green fluorescence light. Dif-
ferent kinds of GFPs exist in Aequorea, Obelia, Phialidium, and Renilla. In this
article, GFP only refers to that from Aequorea unless otherwise specified. The gene
sequence encoding GFP was first obtained by Prasher [2]. The fusion of the GFP
coding sequence with genes encoding various signaling molecules allows an dy-
namic visualization of these target molecules [3,4] (Fig. 4.1).

The chromophore of the wild-type GFP is a p-hydroxybenzylidene-imidazo-
linone encompassing Ser-Tyr-Gly (65-67), which is protected by a shell consisting
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Fig. 4.1 The structure of GFP and its labeling of targeting molecules by fusion. A The domain
structure of GFP; B a scheme of a recombinant protein with a targeting molecule fused with GFP
to trace the positions of the targeting molecule

of 11 strands of B-barrels and an «-helix [5,6] (Fig. 4.1A). Because of the protection
of this shell, GFP is relatively stable in conditions with different pHs [7]. Several
amino acids located in the N- and C-terminals of GFP are flexible and hence can
be truncated without perturbing its chromophore and the emission fluorescence [8].
The wild-type GFP consists of two chemically different populations that can be
excited at 395 nm and 475 nm (a minor peak). The excitation of 395 nm induces
an emission at 508 nm, whereas the excitation of 475 nm causes an emission at
503 nm [9]. This wild-type GFP does not fold efficiently at 37 °C and hence has
limited biological applications. There have been tremendous efforts to create GFP
mutants to improve its properties. An enhanced version of GFP has been developed
by introducing two mutations at F64L and S65T [10, 11]. This improved version of
GFP from Tsien’s group can fold fairly well at 37 °C and hence is widely used in
modern cell biology [11].

4.2.2 Derivatives of GFP with Different Colors

Mutations have been introduced into GFP to obtain various forms of fluores-
cence proteins generating distinct colors. The introduction of mutations F64L,
Y66H, and Y145F results in a blue fluorescence protein (BFP) with excitation
peak at 383 nm and emission peak at 447 nm. This BFP is spectrally distinctive
from GFP and can be used in combination with GFP to double-label the same
cells [12]. The mutation of Tyr 66 to Trp (Y66 W) shifts the excitation and emis-
sion maxima to 436 and 476 nm, respectively. Additional mutations F64L, S65T,
N146I, M153T, and V163A restore the brightness of the Y66 W mutation and cre-
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ate the cyan fluorescence protein (CFP) [13]. A new version of CFP, CyPet [14],
has been developed through directed evolutionary screening method which al-
lows a higher fluorescence resonance energy transfer (FRET) between a coupled
YFP. Although folding well at room temperature, CyPet protein is not stable at
37°C and hence not suitable for studies in cells [15]. Yellow fluorescence pro-
tein (YFP) was created by stacking an aromatic ring next to the phenolate anion
of the chromophore. The mutation at 203 (T203Y) introduces an aromatic ring
and causes a 20nm shift of excitation and emission peaks. Together with muta-
tions at other sites (i.e., S65G, V68L, Q69K, S72A), this new YFP can be distin-
guished from GFP [12]. The recently developed versions of YFP, Venus and YPet
have further improved fluorescence properties, including brightness and photosta-
bility [15].

4.2.3 Fluorescence Proteins Derived from DsRed

With its red color, the fluorescence protein DsRed has been popular to cell biolo-
gists. However, DsRed has a very severe disadvantage in that it forms tetramers, i. e.
four copies of expressed DsRed aggregate in cells. The formation of DsRed tetramer
often causes the artificial oligomerization of the targeting molecules fused to DsRed
and alters their native structure and functions [16]. Hence, the potential of DsRed
as a fluorescence labeling tag is very much limited. Many mutations have been in-
troduced to DsRed through a directed evolution strategy to yield mRFP1, which
is a monomer and retains the red fluorescence properties of DsRed [16]. However,
mRFP1 has poor extinction coefficient, fluorescence quantum yield, and photosta-
bility [17]. Recently, Tsien’s group at UC San Diego created a wide range of fluores-
cence proteins based on mRFP1 by using directed evolution methods and iterative
somatic hyper-mutation [17, 18]. These newly developed fluorescence proteins have
relatively long wavelengths in excitation and emission and have been named with
different fruit names according to their emission colors. These fluorescence pro-
teins can also be easily differentiated from those derived from GFP and thus allow
labeling different targeting molecules with different colors within the same cells.
Among these colorful fluorescence proteins, mOrange, mCherry, mPlum, and Td-
tomato are of great interest to cell biologists [15]: mOrange (excitation: 548 nm;
emission: 562 nm) is the brightest monomer and has excellent extinction coefficient
and quantum yield; mCherry with long wavelengths (excitation: 587 nm; emission:
610 nm) is attractive because it has excellent photostability, fast maturation rate, and
high resistance against varying pHs; mPlum (excitation: 590 nm; emission: 649 nm)
is the only far-red fluorescence protein with reasonable brightness and photosta-
bility; tdTomato (excitation: 554 nm; emission: 581 nm) is a dimer, but has the
highest brightness. Hence, tdTomato can be a good choice for molecular labeling
of red colors if the size of the fusion tag is not a major concern for the targeting
molecule.



4.3 Fluorescence Microscopy 69

4.2.4 Small Molecule Fluorescence Dyes

Because the fluorescence proteins are relatively large in size (about 30 KD), it is
of interest to develop alternative dyes with smaller molecular weights that can
be tagged to the target proteins. One example is the biarsenical-tetracysteine sys-
tem, which consists of a cell-membrane-permeable biarsenical dye and a tetra-
cysteine motif fused with a gene encoding the targeting protein. The biarsenical
dye is non-fluorescent until binding to its coupling partner, the tetracysteine mo-
tif. Two biarsenical dyes, the green FIAsH and red ReAsH, have been widely used
to stain different molecules in live cells [19-21]. A potential problem for FIAsH
and ReAsH systems is the non-specific high level of background staining. Re-
cently, improved tetracysteine sequences, HRWCCPGCCKTF and FLNCCPGC-
CMEP, have been identified through random mutagenesis and fluorescence activated
cell sorting (FACS) [22]. These sequences have higher fluorescence quantum yield
and affinity for biarsenical dyes, hence enhancing the signal/background staining
contrast.

4.3 Fluorescence Microscopy

4.3.1 Epi-fluorescence Microscopy

Epi-fluorescence Microscopy is widely used for live-cell imaging. In general, a di-
chroic mirror reflects the excitation light with a shorter wavelength toward the
specimen through an objective. The emission light with a longer wavelength from
the specimen passes the same objective and dichroic mirror to the camera or eye
pieces. A complete set of filters/mirrors for an epi-fluorescence microscopy con-
sists of excitation filters, dichroic mirrors, and emission filters. For multicolor
time-lapse imaging systems, multiple excitation and emission filters and dichroic
mirrors are automatically controlled by filter controllers and dichroic exchangers,
which are synchronized by a computer and imaging acquisition software. This
allows the automated time-lapse imaging acquisition of multiple colors in live
cells.

4.3.2 Confocal Fluorescence Microscopy

In a conventional fluorescence microscope, the entire specimen is excited by fluo-
rescence light from a light source. The emission lights from different focal planes
of the specimen are collected by the detecting device, either a camera or eye-
pieces. Such an imaging approach decreases the signal/noise ratios for signals
from the focal planes of interest. In a confocal fluorescence microscope, a pin-
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hole is introduced in front of the imaging device, which allows only lights from
focal points of the objective lens to pass and be collected by the imaging de-
vice. Hence, confocal fluorescence microscopy can efficiently exclude lights from
planes out of focus, thus providing clearer images than epi-fluorescence microscopy.
The stacking of images from different layers of focal planes can provide a clear
3D view of distributed molecules within the cell. Because most confocal mi-
croscopes utilize lasers as the light sources to provide focused and bright ex-
citation light, the strong excitation lights may cause severe photobleaching of
the fluorescent proteins/dyes and thus damage the molecular features in the im-
age. This is especially important when using confocal microscopy for live-cell
imaging.

4.3.3 Total Internal Reflection Fluorescence Microscopy (TIRF)

Many molecular events, e. g. membrane protein activities and cell-ECM adhesion,
occur only at a very thin layer within the cell or at the cellular interface. The fluo-
rescence signals of interest from these thin layers are often overwhelmed by the
background fluorescence if observation is made with conventional epi-fluorescence,
or even confocal, microscopy. Total Internal Reflection Fluorescence Microscopy
(TIRF) can overcome this problem and detect fluorescence signals emitted from
a very thin layer (~200 nm). When an excitation light is directed into a cover glass
underneath a specimen with a well-calculated angle, the excitation light can be
completely reflected and travels only in the glass. Some of the light energy will
propagate a short distance (~200nm) into the specimen and generate an evanes-
cent wave. All fluorescent molecules of the specimen layer within this evanescent
wave distance, but not those from other layers, will be excited and emit the desir-
able fluorescence signals. Hence, TIRF microscopy allows the imaging of only the
molecular events occurring within this short distance and eliminates the interfering
signals from layers outside of this range.

4.3.4 Integration with Atomic Force Microscopy (AFM)

Atomic Force Microscopy allows the imaging of structural features of molecules/
organelles within cells at sub-nanometer resolution. Furthermore, AFM can also
measure the mechanical properties of inter- and intra-molecular bonds. Because
AFM differentiates different types of molecules according to their size or shape, it
is relatively less powerful in detecting untagged molecules with similar size/shape.
Since fluorescent microscopy can easily distinguish molecules by tagging them
with fluorescence proteins/dyes with different colors, the combination of these two
imaging modalities can provide images of cellular/molecular structures with high-
resolution, as well as excellent molecular specificity [23].
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4.4 Applications in Mechanobiology

4.4.1 Visualization of Cellular Localization
of Signaling Molecules and Expression of Genes

Cells in the cardiovascular system are constantly exposed to biomechanical forces.
Flow channels and stretch chambers, which allow the precise control of chemical
and mechanical factors, have been used as in vitro models to investigate the mecha-
nisms by which ECs, VSMCs and cardiac myocytes convert mechanical cues to
biochemical signals, which in turn modulate the expression of genes regulating car-
diovascular functions. By using such systems, we and others showed that signaling
molecules located in the membrane, lipid raft, and focal adhesions are activated by
various mechanical forces. For example, shear stress activates focal adhesion kinase
(FAK) in ECs, which was revealed by the increased tyrosine phosphorylation and
clustering with vitronectin receptor [24]. I« B kinase (IKK) was also shown to be
activated by shear stress, which resulted in the nuclear translocation of transcription
factor NF-«B [25].

The cDNAs encoding GFP and other fluorescence proteins (FPs) can be conve-
niently fused to targeting genes to generate a recombinant gene sequence, which
encodes the targeting molecules covalently coupled together with a fluorescence
protein tag (Fig. 4.1B). FPs are in general inertial and should not perturb the native
functions of the fused targeting molecules if the expressed fusion protein is correctly
assembled. The positions of this targeting molecule of interest can be visualized with
high spatiotemporal resolutions in live cells when the recombinant gene is expressed
in host cells. A wide range of the known signaling molecules have been labeled with
FPs [7]. Many of these fluorescence-labeled signaling molecules have been used in
mechanobiology study to monitor the signaling relay, deformation and locomotion
of organelles, and cellular structures responding to mechanical forces.

4.4.1.1 Subcellular Changes of Organelle-Positions

Because some of the signaling molecules can specifically localize to certain subcel-
lular organelles, these signaling molecules have been labeled with FPs to highlight
their subcellular positions and monitor the changes of organelles. Cytochrome-c
oxidase, which stays at the inner mitochondrial membrane, has been fused with yel-
low fluorescence protein (YFP) to visualize the deformation of mitochondria. When
a mechanical torque is applied through a RGD-coated magnetic bead adhered on
a human airway smooth muscle cell surface, large displacement of mitochondria
can be observed proximal and distal from the bead-attaching site [26,27]. GFP has
also been used to label nucleus and study its volume changes upon micropipette as-
piration. Results from such experiments indicate that cells lacking emerin, an inner
nuclear membrane protein, are less deformable than normal cells when mechanical
force was generated through micropipette aspiration [28]. Recently, cell-permeable
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small molecule compounds have been developed, e. g. Mitotrackers (Invitrogen), to
stain mitochondria and observe the cell deformation upon mechanical loading [27,
29,30]. Although these cell-membrane-permeable dyes are easier to handle during
staining experiments, FPs can be more conveniently fused to signal peptide targeting
toward different organelle-localization [31]. These FP-fused proteins can be used to
report the deformation of different organelles responding to mechanical stimulation.

4.4.1.2 Localization of Signaling/Structural Molecules

The live cell imaging with GFP-fused proteins is a very useful method in study-
ing mechanobiology. The deformation and hence the mechanical properties of cel-
lular structures in response to mechanical stimulation can be monitored in a dy-
namic fashion. GFP-fused microtubules or actins have helped to reveal that cells
can be separated into three mechanically different regions: an elastic nucleus,
a viscoelastic-fluid-like cytoplasm, and an elastic cortical layer upon mechanical
force application through micropipettes [32]. Shear stress has been shown to cause
a heterogeneous deformation of intermediate filaments visualized by GFP-fused vi-
mentin [33]. GFP-fused actin has also been used to visualize the shape deformations
and migration patterns of wounded endothelial monolayer under shear stress [34].
With GFP-fused microtubules, cells were visualized to behave like a globally-
interconnected network in response to mechanical stimulation, suggesting that the
local mechanical stimulation can be rapidly transmitted to cause large deformation
in distal regions in the cell [26].

GFP-fused proteins have also been widely utilized to study molecular dynamics
in mechanobiology. Utilizing the GFP-fused proteins involved in focal adhesion,
i. e., GFP-paxillin and GFP-tensin, Zamir et al. revealed that focal contacts and fib-
rillar adhesions, two types of cell-ECM contacts, have different dynamic character-
istics and may provide a molecular switch mechanism to perceive different mechan-
ical micro-environments [35]. The application of GFP-zyxin further revealed that
small and nascent focal contacts at the leading edge exert stronger forces on the sub-
strate than those in the large and mature focal adhesion sites. In another study, it was
shown that the associated traction forces diminish as the nascent focal contacts start
to mature and grow into focal adhesion sites [36]. GFP-fused zyxin and vinculin
were also used to assess the dynamics of focal adhesion assembly/disassembly un-
der mechanical stress [37]. Actin fused with GFP was used to visualize podosomes
on gel substrate with different stiffness. The results from such experiments suggest
that the mechanical stiffness of the substrate controls the spatio-temporal patterns
of the podosome structures [38]. In other studies, paxillin [39] and FAK [40] fused
to GFP were applied to visualize the motility of focal adhesion complex upon me-
chanical force application.

Another major application of GFP-fused proteins in mechanobiology is to mon-
itor the translocation of specific targeting molecules among different subcellular
organelles and locations. Shear stress has been shown to induce the nuclear translo-
cation of endothelial glucocorticoid receptor (GR), visualized by an expressed GFP-
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GR [41]. Mechanical stretch induced a plasma-membrane-translocation of GFP-
fused RhoA [42]. Mechanical stretch on the plasma membrane induced by osmo-
sis also caused a translocation of GFP-fused Pleckstrin-homology domain of PLCS
from the membrane to cytosol, reflecting a mechanically induced PIP2 hydroly-
sis [43]. GFP-fused IxBa has been used to visualize the decreased level of IxBa
in the cytosol upon flow application [44]. GFP has also been fused to TRPM7, an
ion channel and a protein kinase. Shear stress in this study was shown to induce
a plasma membrane translocation of GFP-fused TRPM7, which resulted in the con-
current increase of TRPM7 current in VSMCs [45].

The functionality and biophysical properties of specific proteins can be examined
by GFP-fused proteins. Mechanical perturbation of HeLa cells by glass pipette was
shown to induce a Cat? wave propagating between neighboring cells. GFP-fused
connexins were used to show that the expression level of connexin determines the
distance range of these wave propagations, suggesting the involvement and impor-
tance of tight junctions for this mechanotransduction process [46]. With multiple
copies of GFP fused together with fibronectin domains, the folding/unfolding bio-
physical properties of fibronectin were also studied utilizing single molecule force
spectroscopy (SMFS) [47].

4.4.1.3 Transcriptional Activation of Specific Genes

Mechanical stimulation plays a crucial role in regulating expression of many genes
in various tissues. Results from many laboratories, including ours, show that shear
stress regulates many genes and their products, including vasodilators (e. g., NO),
vasoconstrictors (e. g., endothelin-1), growth factors (e. g., platelet-derived growth
factors), adhesion molecules (e.g., intercellular adhesion molecule-1), chemo-
attractants (e. g., monocyte chemotactic protein-1), and molecules involved in sur-
vival and apoptosis (e.g., growth arrest and DNA damage inducible protein 45
(GADD45), p53, and p2lcipl) [48,49]. GFP is a very useful marker to monitor the
level of these expressed proteins. Usually, GFP is fused with the promoter region of
the gene to be studied. Cells harboring this reporter system can then be subjected to
various types of mechanical stimuli, and the induction and/or reduction of the gene
can be monitored by the level of expressed GFP.

GFP fused with a promoter derived from smooth muscle actin gene revealed
that mechanical stretch induced an increase of smooth muscle actin gene expres-
sion, which is dependent on the intact actin and microtubules [50]. GFP has also
been fused to cis-regulatory regions of dentin matrix protein 1 (DMP1) to report
their transcription activities. This system was shown to be up-regulated by mechan-
ical stretch and correlated with local mechanical strain where cells are seeded [51].
Mechanical stretch also induced an NF—« B-dependent increase of iex-1 expression
visualized by the GFP-fused iex-1 promoter [52]. A promoter of osteopontin (OPN)
fused to GFP revealed that mechanical stretch can induce the expression of the OPN
gene and bone remodeling [53]. Similarly, shear stress-induced NF—«B gene expres-
sion was monitored by a NF—«B promoter sequence fused together with GFP [44].
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The use of GFP-fused eNOS revealed that the shear stress magnitude is in propor-
tional to the eNOS protein expression level in transgenic mice in vivo [54].

4.4.2 Spatiotemporal Quantification
of Post-translational Modifications

Post-translational modifications of molecules play crucial roles in regulating cel-
lular signaling processes. For example, phosphorylation has been shown to be the
key mechanism for the rapid and orchestrated transmission of signals inside the
cells [55]. Acetylation/deacetylation is involved in regulating chromatin structure
and function [56]. The enzymatic activation of matrix metalloproteinases (MMPs) is
also crucial for cell migration and cancer development [57]. These active molecular
events are important for mechanotransduction and mechanobiology [58]. There is
an emerging need to develop imaging reagents and methods to visualize the post-
translational modifications of signaling molecules in live cells upon mechanical
stimulation.

Fluorescence resonance energy transfer (FRET), fluorescence recovery after pho-
tobleaching (FRAP), and fluorescence lifetime imaging (FLIM) provide powerful
means in this respect. The implementation of these technologies involves the inte-
gration of several facets including the developments of molecular sensors, optical
microscopic systems, and imaging analysis methods. The focus of this chapter is on
the development of molecular sensors and their applications in mechanobiology.

4.4.2.1 Fluorescence Resonance Energy Transfer (FRET)

FRET is a phenomenon of quantum mechanics. When two fluorophores, with the
emission spectrum of one fluorophore (the donor) overlapping the excitation spec-
trum of the other (the acceptor), are close to each other with favorable relative orien-
tations, the excitation of the donor can elicit a sufficient energy transfer to the ac-
ceptor and produce emission from the acceptor. The modulation of the distance
or relative orientations between the fluorophores can affect the FRET efficiency.
At present, CFP and YFP are the favorite FRET pair comparing to BFP and GFP,
since CFP has better extinction coefficient, quantum yield and photo-stability than
BFP [59]. FRET imaging of molecular activities has high spatio-temporal resolu-
tions and is therefore suitable for molecular imaging in live cells. Upon activation,
a typical FRET biosensor would undergo a conformational change leading to an
alteration of the relative distance/orientation of the donor and acceptor. Hence, the
change of FRET signal of these biosensors can represent the activation status of the
targeting molecules. Based on this principle, many biosensors have been developed
to visualize molecular activities in live cells, e. g. protease activities, calcium dy-
namics, Ras, Rho small GTPases activation, and tyrosine/serine/threonine kinases,
phosphor-lipid dynamics, etc. [60].
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Many of these FRET-based techniques have been applied to visualize signal
transduction in response to mechanical stimulation. For example, GFP-fused Rac
and Alexa568-p21-binding domain of PAK1 (PBD) were used to monitor the Rac
activation in live cells by measuring FRET between GFP to Alexa568 [61]. With this
FRET-based biosensor, shear stress was shown to induce a directional activation of
Rac concentrated at the leading edge of the cell along flow direction [62]. Shear
stress has also been shown to induce a polarized Cdc42 activation along flow di-
rection visualized by the FRET between a GFP-Cdc42 and an Alexa568-PBD [63].
A separated pair of ECFP-fused relA and EYFP-fused Ik Bo was used to moni-
tor the interaction of relA and IxBa. The FRET efficiency between ECFP-relA and
EYFP-IkBa decreased upon shear stress application, indicating a mechanical-force-
induced dissociation of relA and IkBo [44]. In our laboratory at UC San Diego,
a Src biosensor has been recently generated with ECFP and EYFP covalently con-

+Force 1 min +Force 9 min

Fig. 4.2 A FRET-based Src biosensor and its application in detecting the mechanical-stimulated
Src activation. A A cartoon scheme depicting the activation mechanism of the Src biosensor. When
Src kinase is inactive, ECFP and EYFP are positioned proximal to each other and have strong
FRET. The excitation of the biosensor at 433 nm results in the emission from EYFP at 527 nm.
When Src kinase is activated to phosphorylate the substrate peptide in the biosensor, the biosensor
will undergo a conformational change and separate EYFP from ECFP, which results in the de-
crease of FRET. The excitation of the biosensor at 433 nm then results in the emission from ECFP
at 476 nm. Hence, the emission spectra of the biosensor represent the activation status of Src ki-
nase. B FRET response of a cell with clear directional wave propagation away from the site of me-
chanical stimulation introduced by laser-tweezers. The color bar on the left indicates ECFP/EYFP
emission ratios, with cold color representing low ratios and hot color representing high ratios. The
pink arrow represents the site of force application and the force direction. The white arrows point
to the front edge of activated Src wave. This figure is adapted from Wang et al. [64]
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catenated with a phosphor-amino-acid binding domain and a substrate peptide spe-
cific for Src kinase. The activation of Src can phosphorylate this biosensor to cause
changes in conformation and FRET between ECFP and EYFP. Hence, FRET levels
of the biosensor represent different activation status of the Src kinase (Fig. 4.2A).
When a local mechanical force is introduced to a bead adhered on a live endothelial
cell by a laser-tweezer, a rapid distal Src activation and a slower wave propagation
of Src activation can be observed [64] (Fig. 4.2B). The results demonstrate how
biochemical signals are initiated and transmitted in live cells upon mechanical stim-
ulation. CFP and YFP have also been fused to human B2 bradykinin receptor, a G
protein-coupled receptor (GPCR), to detect the activation of GPCR. Shear stress
was shown to activate B2 bradykinin GPCR within 2 min, which can be inhibited
by B2-selective antagonist [65]. These results suggest that B2 bradykinin GPCR
may serve as a mechano-sensing molecule in response to shear stress.

4.4.2.2 Fluorescence Recovery After Photobleach (FRAP)

Fluorescence recovery after photobleaching (FRAP) is a procedure to selectively
photobleach the fluorescence signals within a region of interest and monitor the re-
covery of fluorescence in this region over a period of time (Fig. 4.3). This simple
technique can be used to determine the kinetic characteristics of targeting fluores-
cence molecules, e. g. their diffusion coefficient or transport rate [66]. Naturally,
FRAP has been used in live cell analysis of dynamics of mechanobiology. It is con-
ceivable that cellular membrane is the primary site where mechanical cues are con-
verted to biochemical signals because of its proximity to extracellular environment.
Although other subcellular organelles such as cytoskeleton and mitochondria have
been shown to be mechanical sensitive, many plasma membrane-associated signal-
ing proteins and receptors are still considered to be crucial for mechanobiology.
A line of evidence supporting such a hypothesis is the modulation of cell mem-
brane fluidity by mechanical forces [67, 68], which may greatly affect the activity
of membrane-bound proteins and receptor. By using confocal laser scanning mi-
croscope analyzing FRAP, Butler et al. studied the effects of shear stress on the
spatial distribution and persistence of the shear-induced increases in fluidity of
plasma membranes [69]. The results suggest that the lipid layer of plasma mem-
brane can serve as a mechano-sensing element and show that the upstream and
downstream portions of plasma membrane respond differently under certain flow
applications. Other intracellular signaling/structural molecules have also been stud-
ied using FRAP. Osborn et al. [70] recently showed that shear stress, while inhibiting
cell motility, caused an increased F-actin turnover in ECs at early stages (1 —2 hr)
upon flow application. FRAP has also been applied to assess the dissociation rates
of different focal adhesion molecules zyxin and vinculin, before and after the me-
chanical stress dissipation by modulating actin cytoskeleton with cytochalasin D or
laser-scissors. The results indicate that mechanical forces regulate the focal adhe-
sion assembly by modulating the kinetic characteristics of zyxin [37]. Finally, FRAP
has been used to assess the speed of intercellular Ca’* wave propagation upon the
mechanical stretch [71,72].
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A
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Time

B Recovery Recovery
Pre-Bleaching After-Bleaching For 5 min For 18 min

Fig. 4.3 FRAP principles and examples. A The principles of FRAP. The fluorescence of a region
of interest in a cell can be photo-bleached and monitored for its recovery. The diagram shown on
the right represents a typical time course of fluorescence intensity of a selected region on a FRAP
experiment. B A sample FRAP experiment. A HeLa cell was transfected with a membrane-targeted
Src biosensor [64]. EYFP of the biosensor was photo-bleached and the fluorescence recovery was
monitored on a region highlighted by the white arrow

4.4.2.3 Fluorescence Lifetime Imaging Microscopy (FLIM)

Fluorescence lifetime imaging microscopy (FLIM) is a technique to visualize the
life time of excitation state of spatially distributed fluorescence molecules. Methods
to measure fluorescence lifetime can be separated into two categories: frequency
domain and time domain. For the frequency domain method, the excitation light is
in a sinusoidal format and the emission fluorescence is also a sinusoidal wave with
the same frequency as the excitation light. The delay or phase-shift of emission
fluorescence comparing to the excitation light is used to calculate the lifetime of
the fluorescence probe (Fig. 4.4A). For the time domain method, the specimen is
excited with a pulse light with its duration much shorter than the emission lifetime
of the fluorescence probe. The time course of the emission fluorescence intensity
captured is used to calculate the lifetime characteristics (Fig. 4.4B).

Because FLIM is independent of the local concentration of fluorescence mole-
cules and the excitation intensity, this method provides relatively more reliable
signals comparing with other technologies based on fluorescence intensity. When
a fluorescence protein/probe serving as a donor interacts with its acceptor fluo-
rescence molecule during FRET, the lifetime of interacting donor changes. Hence,
FLIM can separate the population of interacting fluorescence molecules from those
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Fig. 4.4 Schemes of two methods to measure fluorescence lifetime. A Frequency domain. B Time
domain

of non-interacting ones based on lifetime distribution. Therefore, when integrated
with FRET, FLIM can help to separate signals of donor-molecules having FRET
from those non-FRET donors, thus enhancing the signal/noise ratio of FRET mea-
surement [73]. Although FLIM is very useful and has been applied to study cellular
imaging in general, e. g. FLIM was used to visualize the lateral signal propagation
from ErbB1 receptor in live cells [74], it is a largely unexplored field in mechano-
biology.

4.5 Perspective in Cardiovascular Physiology and Diseases

Mechanobiology is crucial for the regulation of function and structure of cells in the
cardiovascular system. Located at the interface between the blood and vessel wall,
ECs are constantly exposed to shear stress. The circumferential stresses resulting
from blood pressure are mainly born by the VSMCs in the artery. In the heart, car-
diac myocytes undergo regular contractions to drive the circulation of blood. Since
various biomechanical forces are crucial for cardiovascular functions, impaired cel-
lular responses to the mechanical forces or dysfunctional mechanical outputs are
pathophysiological processes that can lead to various cardiovascular diseases. Thus,
the study of mecahnobiology at the levels of molecules, cells, and organs have been
important topics for interdisciplinary research, including bioengineering, bioimag-
ing, cardiology, physiology, and other fields.

Imaging techniques such as MRI, X-ray, and ultrasound have been widely used
to monitor cardiovascular structures and functions in vivo. To date, these techniques



4.5 Perspective in Cardiovascular Physiology and Diseases 79

are mainly used for diagnosis and research at the organ level. The current fluores-
cence live-cell imaging technology has the capability to study mechanobiology at
the cellular and subcellular levels in single cells, but has its limitations in investi-
gating cardiovascular physiology and pathophysiology in live experimental animals
and human patients. Heart and blood vessels are buried in the body and it is diffi-
cult to introduce fluorescence probe into cells in the cardiovascular system in vivo.
Nevertheless, these advanced imaging technologies can be potentially important in
several areas related to the mechanobiology in the cardiovascular system. First, the
dynamic rolling and adhesion of white blood cells in the microcirculation can be
studied by intravital fluorescence microscopy. The white blood cells can be labeled
with GFP to increase their visibility. The homing of bone marrow-derived endothe-
lial progenitor cells (EPCs) in repairing injured vessel wall and myocardium has
been a popular research topic recently. Labeling of EPCs with GFP or using EPCs
harboring GFP isolated from transgenic mice in conjunction with fluorescence live-
cell imaging would be a fruitful research direction. As GFP can be introduced into
various molecules through genetic approach, observations of cardiovascular spec-
imens from transgenic animals would also reveal new information on the target
molecules.
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Abstract Optical imaging technologies offer high resolution non-contact visuali-
zation of tissues with a large variety of contrast modalities. However tissues are
optically inhomogeneous due to microscopic variations of the refractive index. The
resulting scattering limits resolution and imaging depth. Optical coherence tomog-
raphy (OCT) is a relatively new approach for obtaining 3-D high resolution imaging
of tissue which is successfully used in the diagnosis of the eye diseases. However,
OCT is not limited to medical applications. This review will cover theory and tech-
nology of OCT and provide an overview over current use and future prospects in
tissue engineering.

5.1 Introduction

Biological tissues are composed of 3-dimensional structures whose sizes cover
about nine orders of magnitude, ranging from nanometers to meters. Consequently
tools were developed for the visualization and quantification of tissue morphology
on these scales. Today, from X-ray diffraction for the analysis of biomolecules to
whole body MRT, biological structures can be imaged. Optical imaging is not only
very attractive because of it’s resolution down to a subcellular level. Compared to
competing technologies like ultrasound, X-ray, MRT, and electron microscopy it
offers a non-contact, non-invasive in-vivo applicability with compact and afford-
able devices. Spectroscopy, stains and specially designed probes provide additional
means to generate site- and function-specific contrast. Consequently optical imaging
and microscopy are well developed technologies which are widely used in medicine
and biotechnology.

One of the main disadvantage of visible and near infrared light for the investiga-
tion of complex tissue structures is the strong scattering, which is caused by a ran-
dom variation of the refractive index. Consequently in the past imaging was limited
to 2-dimensional surfaces or thin tissue sections. However, biology is inherently
3-dimensional and therefore several methods were developed to provide a depth
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resolved imaging of tissue layers. The challenge here is to provide a good depth
resolution and additionally an efficient rejection against scattered photons, which
degrade the image contrast. The two principal ways to go are the use of a non-linear
interaction between light and tissue, which limits the optical response (e. g. fluores-
cence, scattering) to the high irradiance at the focal point or the rejection of out of
focus light by optical means. Two-photon excited fluorescence microscopy, second
harmonic, and CARS imaging are examples for the first, confocal microscopy (CM)
for the second approach. CM utilizes a point illumination and a confocal detector,
which limits the depth of focus and rejects the out-of-focus light. Invented by Min-
sky in 1961 [44], CM is now a standard technique in microscopy and is also used
for in-vivo imaging in medical diagnosis [6, 8,26]. A good depth sectioning capa-
bility requires objectives with a large numerical aperture (NA) and a good optical
quality of the sample, which can not be assured for all applications. Additionally
the imaging depth is limited to 100 —200 pm.

A new imaging technology which provides higher imaging depth combined with
a resolution below 10 micrometer is optical coherence tomography (OCT). Instead
of relying on the depth of focus of the imaging lenses, OCT uses the same working
principle as ultrasound or radar. The propagation time of light from the objective
to the object and back is measured. Due to the high speed of light and the small
distances involved, the pulse-echo principle is not applicable for OCT and inter-
ferometry is used instead. Thereby OCT effectively decouples the depth resolution
from the imaging NA and achieves a longitudinal resolution of only a few micro-
meters even with low NA objectives. Figure 5.1 shows the resolution and maximal
imaging depth of OCT in comparison with ultrasound, MRT, and microscopy.

OCT was first successfully applied to high resolution retina imaging, which is
especially hampered by the low NA of the human lens system [29]. Starting from
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Fig. 5.1 Resolution and maximal imaging depth of different imaging modalities (modified af-
ter [5])
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here it is now spreading to other medical specialties [4, 11, 19,20, 24,25,31, 40,48,
57,67,74] in search of diagnostic applications and to non-medical fields, which in-
clude displacement measurements [50], investigation of scattering polymer compo-
sites [17], as well as paints and coatings [71]. Within medicine, OCT has established
itself as a valuable imaging modality with a combination of resolution and imaging
depth, which is unmatched by other methods. These features will also be of value
for biotechnological applications when OCT is used for 3-dimensional imaging of
cultured cells and tissues in research as well as in process control.

This chapter will address the theory of OCT and emerging applications in tissue
engineering. Excellent reviews on OCT technology and medical applications have
been published [5,21,53, 64]. Here we will concentrate on the basic theory of OCT
in order to give the reader a feeling what he can expect from the OCT technology. In
the second part, the use of OCT in the field of tissue engineering will be reviewed.

5.2 Optical Coherence Tomography (OCT)

5.2.1 The Basic Principle

OCT was developed in an endeavor to increase the depth resolution in 3-dimensional
medical imaging over the depth of focus of the imaging device, which is limited by
the maximal focusing angle or more precisely the numerical aperture (NA). For
classical imaging transverse resolution Ax and longitudinal resolution Az scale dif-
ferently with the NA [33]
Ax X —
NA (5.1)
A7 X —
NA?
Ax decreases linearly, Az goes with the square. Only for a large NA in the range of
1.0 to 1.3, the focal volume has comparable lateral and longitudinal dimensions [65].
Reducing the NA for example to 0.05 dramatically decrease the depth resolution
at 800 nm wavelength to 320 um with moderate effects on the lateral resolution
(Ax = 16 um). 3-dimensional imaging with low NA will always result in a poor
depth discrimination and a considerably better lateral resolution.

Interferometry measures distances without being limited by the focusing angle.
The phase 2 /A zs of the field Es = Escos(2m /A zs) of the reflected light contains
information on the propagation distance zs. Unfortunately the phase can not be mea-
sured directly, but it can be revealed by an interferometer which superimposes Eg
with a reference wave ER (Fig. 5.2). Constructive and destructive interference at the
output of the interferometer will result in an intensity / (zs, A) which depends on zg
and on the wavelength A

I(zs,A) = Is+ Ir +2+/IsIr cos(2m /A (zs — ZR)) - (5.2)
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Fig. 5.2 The principle of optical coherence tomography (OCT). Interferometry with spectrally
broad light source measures distances of scattering structures in tissues in order to construct images
with high depth resolution. Either the spectrum, which contains the depth information as intensity
modulations (SD-OCT), or the total intensity when changing zg (TD-OCT) is measured at the
output of the interferometer

With a single wavelength, the intensity /(zs,A) changes periodically with zg and
a unique depth information is only obtained within the range of one wavelength.
However the dependence of the phase 27 /A(zs — zr) and the interference pattern
I(zs,A) on the reciprocal wavelength 1/A gives a unique depth information. The
difference of the interferometer arm lengths zrs = zs — zr is the slope of the lin-
ear relation of the phase versus 27 /A. There are two ways to recover the depth
information from the interferogram. The first, which is called spectral-domain OCT
(SD-OCT), uses a spectral resolved detection of the output of the interferometer, the
second, time-domain OCT (TD-OCT) measures the wavelength integrated output as
a function of the reference arm length zr. Both use spectrally broad and therefore
low coherent light sources.

In SD-OCT, the spectrum /(zs,A) is measured versus 1/A. According to
Eq. (5.2), the spectrum is modulated with a frequency which is proportional to the
path length difference zrs. Therefore the frequency content of spectrum contains
the distances of all scattering structures and an A-scan can is easily reconstructed
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by a Fourier transform. SD-OCT uses either a broad band light source together with
a spectrometer or a rapidly tunable laser source to record the spectrogram of the
superimposed sample and reference radiation at the output of the interferometer.

SD-OCT was proposed by Fercher for ophthalmologic measurements [22] and
later demonstrated with a broad band light source and a spectrometer under the name
“spectral radar” by the group of Héausler [3]. Tunable laser sources were already
used for distance measurements of scattering sites in fibers [18] and OCT based on
rapidly wavelength-swept lasers has recently drawn under the name swept-source
OCT [9] or optical frequency-domain imaging (OFDI) [12] the interest of several
groups, because extremely high A-scan rates are possible.

SD-OCT can measure only path length differences, i.e. it cannot discriminate
between positive and negative zrs. Additionally self interference from strong re-
flections inside the tissue causes spurious signals which may obscure the image
information.

These problems can be circumvented by the TD-OCT principle, which was the
traditional OCT approach early proposed for high resolution imaging of retinal
structures [23, 60]. If the length of the reference arm is changed, each wavelength
causes a periodically intensity modulation at the output of the interferometer due to
constructive and destructive interference. The intensity modulations have different
frequencies for different optical wavelengths 1. They are only in phase and can pro-
vide a measurable modulation at nearly equal arm lengths (zrs =~ 0). For larger zrs
the modulation is lost due to averaging over the different phase-shifted wavelength
components (see Fig. 5.2). The zrs range, over which a modulation is observed,
is called the coherence length of the light source [28]. The wavelength integrated
interference pattern is described mathematically by introducing the coherence func-
tion y, which gives the contrast of the interference pattern for a certain path length
difference, and the central wavelength ¢ of the light source:

I(Az) = Is+ Ir +2+/IsIry (zrs) cOs(27 /A ZRS) - (5.3)

Since y and the power spectrum of the radiation are Fourier pairs, a broad emis-
sion spectrum of the light source corresponds to a short temporal coherence length,
i. e. an narrow coherence function. A-scans are measured by moving the “coherence
gate” formed by y trough the sample when the reference arm is scanned over the
desired depth range. Back reflections from the sample are identified by measuring
the modulation of the output signal. From the modulation amplitude the scatter-
ing intensity, from the reference arm length at maximal modulation the depth are
inferred.

Since the interference pattern is usually measured in a time-dependent fashion as
ZR is continuously changed, this OCT approach was named time domain OCT. TD-
OCT does not suffer from the signal ambiguities or the self interference of sample
signals which are known from SD-OCT. However the sensitivity is significantly
reduced because only a fraction of the photons returning from the sample contribute
to the modulation and therefore to the OCT signal. A further technological problem
of fast TD-OCT is the delay line in the reference arm. For each A-scan the optical
path length has to be changed with constant velocity. Large affords were made to
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build fast delay lines and A-scan rates of more than 4000 per second were achieved
by rotating cubes [5] or gratings [51]. As a way to overcome moving parts in TD-
OCT it was suggested to measure the whole interference pattern in parallel with
a line detector [27, 35, 36].

At the exit of the interferometer the backscattered photons give rise to a signal
which — according to Eq. (5.2) — consists of the background Is + Ir and an informa-
tion carrying modulation with the amplitude A = 2+/IsIr. The interference with the
reference wave provides effectively an amplification of the signal from the probe,
which is able to lift the modulation A out of the detector noise. Under optimized
conditions nearly shot noise limited performance is reached. For a quantification of
the sample intensity, the modulation amplitude is squared and displayed on a loga-
rithmic scale.

5.2.2 Image Formation

Image formation in OCT is similar to ultrasound. A measurement of a depth scan at
certain position of the tissue gives the A-scan. By scanning the beam or translating
the sample in one direction B-scans (x—z image), by scanning in two directions C-
scans (3-dimensional x—y—z image stacks) are constructed. For TD-OCT there is
also the possibility to acquire en-face OCT images by fast lateral scanning at fixed
reference arm positions. Images at different zr are afterwards combined to a virtual
depth scan.

Tissue samples scramble phase of reflected and transmitted light due to a random
arrangement of scatters. On the detector waves with statistical phases differences
will interfere and produce random intensity fluctuations which are usually called
speckles [10]. When superimposed with the reference beam a predictable phase
relation exists only inside of each speckle. If the detector is larger than the average
speckle size, which corresponds to the diffraction limited resolution of the imaging
system, averaging over a number of speckles will decrease the modulation and des-
troy the depth information. Therefore the detector diameter has to be reduced to
less than one speckle, which effectively results in a confocal detection. In general,
interferometry with rough or scattering objects requires detection, and, if good light
efficiency is anticipated, also illumination with high spatial coherence, i.e. small
emitting and detecting areas are needed. Mono mode fibers which are commonly
used in the OCT interferometer automatically fulfill this condition.

When the tissue is sampled the speckle pattern moves over the detector and
modulates the measured signal. Therefore the OCT image are degraded by a salt
and paper noise with a contrast of approximately 0.5 [21]. The average sizes of the
speckle grains corresponds in lateral and longitudinal directions to the diffraction
limited resolution [56]. Speckle noise is multiplicative and drastically reduces the
resolution, especially for low contrast objects. It is one of the main disadvantages
of OCT compared to confocal or other incoherent imaging modalities. Several ap-
proaches, mostly based on averaging a number of images with uncorrelated speckle
patterns, were proposed to improve the image quality [55].
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In summery, OCT combines low NA confocal microscopy with coherence gating,
which provides a drastically increased depth resolution and rejection of scattered
photons. Additionally a fast z-scan is possible since no movements of the sample or
the optics are involved, and the interferometric detection enables nearly shot noise
limited sensitivity. However on the flip-side of the coin we have a degradation of the
images by speckle noise, which is not present in incoherent imaging.

5.2.3 Figure of Merits for the Performance of OCT

An OCT device is composed of four main components: light source, interferome-
ter, detector, and application system. The overall performance depends on all four
components. The impressive progress of OCT in the last years was only possible
by technological developments in all four fields. For comparison of different OCT
devices the following figures of merit are usually used.

5.2.3.1 Depth Resolution

In SD-OCT the depth resolution Azoct depends on the accuracy by which the spec-
tral modulation frequency can be determined. The broader the spectrum, the more
fringes can be used and the smaller is the error. In TD-OCT Azocrt is the width
of the coherence function y, which is directly connected to the spectral width AA
of the light source. Hence for both SD- and TD-OCT depth resolution is inverse
proportional to AX and is described by the same equation:

*
AzocT ~ — . 54
AL (5.4)
Interestingly the depth resolution increases with the square of the center wavelength
Ao which favors shorter wavelengths for higher resolution. Unfortunately shorter
wavelengths have to fight with stronger tissue scattering and reduced tissue penetra-
tion.

5.2.3.2 Measurable Depth Range

In SD-OCT a large depth of the imaged tissue structure results in high frequency
modulations of the spectrum (see Eq. (5.2)). Therefore the spectral resolution §A of
the spectrometer or the instantaneous line width of the swept laser source determine
the maximal depth range zmax Which can be covered

2
Zmax ~ l)\_() . (55)
46X
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In TD-OCT the pathlength changes, which can be realized in the reference arm
limit zmax. Therefore available technology, e. g. stability of the reference arm and,
for a given A-scan rate, the velocities by which zr can be changed, limit zpax. If
the fringe pattern is recorded by a line detector essentially the number of detector
elements defines the depth range [35]. In practice the measuring depth is also lim-
ited by the depth of focus of the imaging optics. However, this limitation can be
overcome by dynamic focus tracking [54], image fusion techniques [15], or special
imaging optics [39].

5.2.3.3 Signal to Noise Ratio

The OCT signal is the squared modulation of the measured signal, which is propor-
tional to both sample and reference intensity. Noise consists of three main parts: the
shot noise of the sample intensity, detector noise, and relative intensity noise (RIN)
which increases with the reference intensity [58]. The signal to noise ratio (SNR) is
optimal, when the reference intensity /R is that large that due to the multiplication in
the modulation term shot noise from the sample intensity /s dominates the two other
noise components [52]. In this case the SNR equals the number of detected sample
photons. Under optimal conditions OCT is able to detect nearly every photon from
the sample. However, if the reference intensity is too high, RIN will degrade the
performance because it increases stronger with /g than the OCT signal [49].

5.2.3.4 Sensitivity

The sensitivity S of an OCT device is defined as the minimal reflectivity in the sam-
ple which can be measured at a SNR of one. At the shot noise limit, the sensitivity is
given by the reciprocal of the number of photons falling on the sample during a sin-
gle pixel integration time T multiplied by the detection efficiency of the detector. For
SD-OCT t is the inverse of the A-scan rate. All photons from all reflecting structures
give rise to a modulation of the spectrum which is detected during the full A-scan
acquisition time. In time domain OCT photons reflected from a certain structure
cause a modulation and hence an OCT signal only within the coherence gate. Pho-
tons outside the coherence gate are lost for OCT. Therefore the effective integration
time is reduced be the ratio between z-range and z-resolution (zZmax/AzocT). Usu-
ally there is an advantage of 100 to 1000 times in SNR and sensitivity for SD-OCT
compared to TD-OCT, which can be used for higher speed, lower optical power on
the sample, or higher effective imaging depth.

5.2.3.5 A-Scan Rate

The A-scan rate determines not only the imaging speed, but also the sensitivity to
sample movements. Due to the interferometric nature of OCT even small sample
displacements cause fringe washout in the interference pattern. During the integra-
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tion time sample movements have to stay below one wavelength. The parallel detec-
tion make spectral radar and TD-OCT with a line detector especially susceptible to
fringe washout, because the integration time is the full A-scan acquisition time [77].
High A-scan rates are preferable for rapid measurements of large imaged fields or
volumes, but in general are limited by the maximal attainable light intensity on the
sample, the data acquisition time, and the sweep rate of the reference arm (TD-OCT)
or of the laser source (swept source OCT). With respect to imaging speed SD-OCT
is today far superior to TD-OCT due to a higher SNR and the lack of moving parts in
the interferometer. Line detectors suitable for spectral radar can support more than
30,000 A-scans per second. Swept laser sources with more 300,000 A-scans/second
were successfully used for OCT [30]. With that high measurement rates volumes of
1000 x 1000 x 1000 pixels are acquired within 3 seconds.

5.2.3.6 Effective Imaging Depth

The effective imaging depth, i.e. the maximal depth in which structures can be
visualized with a certain SNR or image quality, depends not only on the OCT device
but also on the tissue investigated. Main limiting factors are the sensitivity S and
attenuation coefficient uefr. As a rule of the thumb the amount of back reflected
light scales according to Lambert—Beer’s law and the imaging depth scales with

In(S)
2 heff ’

Zeff X (5.6)

106 g —_—— —_————

Proteins
(Cornea)

Melanin
(RPE)

vl vl

[em]

voond 3 vd 3l

_écattering of tissue

Absorption, reduced scattering coefficient

sl vod

0.1 0.2 0.5 1.0 2.0 5.0 10.0
Wavelength [um]

Fig. 5.3 The wavelength dependence of absorption (solid line) and scattering (dashed line) of
biological tissue (modified after [66])
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Light attenuation by the tissue depends on absorption as well as on scattering. Be-
low a wavelength of 700 nm the absorption of proteins, blood, and melanin is the
limiting factor (Fig. 5.3). Between 700 nm and 1500 nm, a range which is called the
optical window of tissue, scattering is dominant until above 1500 nm strong water
absorption kicks in again. In general, zef increases for scattering biological tissue
from 400 nm to 1400 nm with increasing wavelength.

Not only a lack of returning photons limits the imaging depth. Depending on the
scattering properties of the tissue, there is a certain chance for multiple scattered
photons to reach the detector [47]. This gives rise to a background signal which
reduces the image contrast in deeper layers.

5.2.4 Functional Imaging

OCT only detects scattered or reflected light which primarily carries information on
tissue morphology. However, there is a strong desire in imaging tissue functions.
Therefore any OCT imaging which relies on additional parameters of the detected
light is dubbed functional OCT imaging.

5.2.4.1 Spectroscopic OCT

Light reemitted from the tissue may not only be changed in its phase (according
to the propagation time), but also in its spectral shape by wavelengths dependent
reflection, scattering, or absorption [69]. The reemitted light therefore carries spec-
troscopic information about the tissue. For recovering this information either the
spectrum of the OCT light source is divided (physically or mathematically) in dif-
ferent subbands which are than used for separate reconstructions of OCT images in
the different spectral ranges or an OCT interferometer with several light sources of
different wavelength is used [32,45,70]. Spectroscopic OCT can be used to visualize
the main tissue chromophores water, blood, haemoglobin, and melanin.

5.2.4.2 Polarization Sensitive OCT

When tissue is illuminated with polarized light the birefringence of certain tissues
or depolarizing scattering will alter the polarization state of the reemitted light [13].
An OCT with two orthogonal polarization channels can detect the residual degree of
depolarization and the rotation of the polarization axis in a depth resolved fashion.
Polarization contrast was successfully demonstrated for skin, cornea (collagen), and
the retinal nerve fiber layer [14].
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5.2.4.3 Doppler OCT

Flowing of blood or other movements of tissue structures introduce small frequency
shifts in the reemitted radiation (Doppler shifts), which are proportional to the ve-
locity [43]. When interfering on the detector these Doppler shifts lead to a time-
dependent change of the interference pattern. Velocities can be calculated when the
phases of the interference patterns at two time points, which are separated by a cer-
tain delay, are compared. The minimal measurable velocity depends on the SNR
of the OCT signal, the delay time, and phase noise in the interferometer. Spectral
radar and TD-OCT with a linear detector are especially suited for Doppler OCT
because they possess a very high phase stability due to the lack of moving parts,
which are prone to phase jitter. The maximal measurable velocity is limited by an
ambiguity as the phase difference exceeds 2. This limit can be extended by spe-
cial algorithms used in ultrasound Doppler imaging [75]. By choosing an adequate
time delay between the phase measurements, OCT can be adapted to certain veloc-
ity ranges. For example, at 10,000 A-scans per second a range from 10 um/s to
2 mm/s was demonstrated for a spectral radar system [38].

5.2.4.4 Contrast Agents for OCT

In microscopy the use of fluorescent contrast agents has dramatically improved the
information obtained from tissues and cells. OCT visible markers which could be
functionalized with antibodies or other molecules for selective targeting would en-
large the applications of OCT enormously. Either a strong absortion or an efficient
scattering is needed to make visible changes in the OCT images. Due to their high
cross-sections micro- and nanoparticles (e. g. microbubbles, microcrystals, and gold
nanoparticles) are especially attractive [1,37]. Magnetically moved particles were
also demonstrated as a contrast agent. They use the high phase sensitivity of OCT
to generate a Doppler contrast [46]. This ongoing research field may in future lead
to a molecular contrast OCT [73].

5.3 Applications in Tissue Engineering

Cell-based biotechnology, i. e. stem-cell research, industrial cell culture, and tissue
engineering still uses technologies developed in biological research labs. These are
characterized by labor-intensive handling of cells und tissues, a lack of standardi-
zation, and a limited control of the involved processes. In contrast to established
industrial production, the manufacturing of differentiated cell lines or specialized
tissues is more complex and usually not fully understood. High quality standardized
products can not simply be guarantied by a strict control of all process parameter,
but often the literally “right touch” of the lab technician is necessary for success.
This calls for a tight supervision of cell or tissue growth during production. Op-
tical imaging is especially attractive, because it is well established in biology and
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medicine, and a not-too-expensive, non-destructive technology, which works with-
out contact to the sample [41,42]. In principle an on-line monitoring of cell and
tissue growth in a high throughput fashion is possible. For cell culture and thin sam-
ples below 200 um thickness, confocal or two-photon microscopy give high reso-
lution 3-dimensional images. However, for thicker tissues the penetration depth of
the classical microcopy is too low. Conceptually OCT can fill the gap between mi-
croscopy on one side and ultrasound or MRT on the other side with an imaging
depth of a 1-2 millimeters. In this thickness range are a wide selection of important
tissues like epithelial tissues (skin, mucous membranes), cartilage, vessels, heart
valves, bladder or lung tissue.

Astonishingly, rather few application of OCT in tissue engineering, all in very
early states, were published [2, 16,34,41,61,62,72,76]. They can be assigned into
three mayor groups:

5.3.1 Visualization of Cells in Scaffolds

Tan et al. used an 800 nm OCT and CM to investigate GFP transfected fibroblasts
in chitosan scaffolds [62]. Cell-free and cell-filled pores of the scaffold and changes
in cell density were observed over nine days. These changes included an inhomo-
geneous distribution of cells and a blockage of superficial pores, which may have
led to a deprivation of deeper lying cells. The combination with CM gave additional
information on the GFP stained cytoskeleton. In a similar work the OCT was used
to calculate the occupation of chitosan microchannels by the implanted cells [2].
Here CM imaging was limited to a depth of 150 wum. With a 1300nm OCT bone
cell-line in a poly(l-lactic acid) (PLLA) matrix were imaged [76]. The structure of
the empty scaffold and the cells inside the scaffold were observed down to a depth
of 1 mm. A direct discrimination between cells and scaffold was not possible even
though microparticles with a high refractive index were used as a scattering contrast
agent. Therefore OCT served for larger volume, larger depth observations, whereas
microscopy gave high resolution images of individual cells, which were easily dis-
tinguishable with microscopy from the scaffold down to a depth of a few hundred
micrometer.

A recently published work demonstrates that high resolution OCT can also visua-
lize cell migration, cell proliferation, cell adhesion, and cell matrix interaction in
3-dimensional tissue models [61].

5.3.2 Visualization of the Morphology of Artificially Grown Tissues

OCT is not only useful for investigating and improving the cell growth and cells in-
teraction in scaffolds. An important application of OCT may also be the supervision
of the growth of artificial tissue at a production stage. In-vitro grown cartilage sam-
ples were successfully monitored by OCT. Inhomogeneities and the formation of
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Fig. 5.4 OCT image of in-vitro grown cartilage tissue, which is used for transplantation (image
size 6 mm x 1.6 mm). A Cartilage sample of medium quality having some inhomogenities at the
surface (arrows). B Cartilage, which was previously judged of having a medium quality by su-
perficial inspection. Large hidden cavities were seen with OCT (arrows). C Cartilage in an early
growth stage with beginning cavity formation (arrows)

cavities were detected in early stages of cultivation (Fig. 5.4). In proof-of-principle
experiment OCT was used to image a model for an artificial coronary artery in a ded-
icated bioreactor [41]. Tissue thickness and, via Doppler-OCT, flow profiles in the
lumen were quantified. The use of OCT for monitoring the uniformity of the wall
thickness, and the epithelization of the inner surface at the end of the growing pro-
cess were proposed. Additionally, Doppler OCT may provide valuable information
on the state of flow, i. e. turbulent, transitional, or laminar flow.

Successful visualization of the different layers of engineered skin equivalents
including stratum corneum, epidermal and dermal layer as well as the basement
membrane zone was demonstrated with a high resolution OCT [59].

5.3.3 Measurement of Tissue Function

The ultimate goal of OCT imaging is to include information about tissue func-
tion into the OCT images. Unfortunately spectral information is hidden under tis-
sue scattering which exceeds absorption by far in the optical window. With the
exception of water, tissues have no strong absorption differences in the spec-
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tral range of 750nm to 1500nm, which is used for OCT. Though, changes of
the OCT signal were reported after deliberately altering the redox state of cy-
tochrome oxidase in 3-dimensional cultured cells [72]. However, these changes
were not consistent with biochemical measurements of the redox state. Probably
parallel changes in the scattering obscured the absorption changes. A strong in-
fluence of tissue scattering on the OCT signals was also observed, when spectro-
scopic OCT at 1300nm and 1500nm was used to quantify the water content of
skin [68].

The high phase sensitivity of OCT provides different ways for functional im-
aging. Doppler OCT, which was already used successfully in medical diagnosis [7],
is a means to probe function of artificial vascular structures [40]. Additionally, small
displacements in the tissue can be measured and quantified by OCT even though
they lead only to minute changes of the phase or speckle position. Ko et al. used
a speckle correlation technique to visualize mechanical properties of engineered
tissues by monitoring deformations in response to external forces [34]. Differences
in microscopic displacements and shear stress were observed during the growth
process which could be related to changing cell—cell and cell-matrix adhesion.

5.4 Conclusion

OCT provides unique imaging possibilities which will by useful for monitoring cell
and tissue growth. However, up to now this potential was barely exploited. The
reason may lie partly in former limitations of the OCT technology which used to be
quite complicated, expensive, and slow for 3-dimensional imaging and partly in lack
of understanding of the OCT technology by researchers and companies involved in
cell and tissue engineering. Last but not least the limited availability of OCT tech-
nology prohibited wider use. We anticipate, that this will change as technology and
application of OCT in other fields progress rapidly. Recently OCT devices with
several hundred thousands A-scans were demonstrated, prices below 10,000 $ are
possible, and general purpose OCT devices are now commercially available [63].
Progress in functional OCT imaging (polarization sensitive and Doppler OCT, con-
trast agents) will further enlarge the applicability of OCT in tissue engineering.
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Abstract In the field of medical diagnosis, there is a strong need to determine me-
chanical properties of biological tissue, which are of histological and pathological
relevance. In order to obtain non-invasively mechanical properties of tissue, we de-
veloped a real-time strain imaging system for clinical applications. The output data
of this system allows an inverse approach leading to the spatial distribution of the
relative elastic modulus of tissue. The internal displacement field of biological tissue
is determined by applying quasi-static compression to the considered tissue. Axial
displacements are calculated by comparing echo signal sets obtained prior to and
immediately following a small compression, using a cross-correlation technique.
Strain images representing mechanical tissue properties in a non quantitative man-
ner are displayed in real time mode. For additional quantitative imaging, the stiffness
distribution is calculated from the displacement field assuming the investigated ma-
terial to be elastic, isotropic, and nearly incompressible. Different inverse problem
approaches for calculating the shear modulus distribution using the internal dis-
placement field have been implemented and compared using tissue-like phantoms.
One of the important applications for diagnosis using ultrasound elastography is the
coronary atherosclerosis, which is a common disease in industrialized countries. In
this work some clinical in-vivo results are presented using intravascular ultrasound
elastography. In the field of tumor diagnosis, the results of an ongoing clinical study
with more than 200 patients show, that our real time strain imaging system is able to
differentiate malignant and benign tissue areas in the prostate with a high degree of
accuracy (Sensitivity = 76% and Specificity = 89%). The reconstruction approaches
applied to the strain image data deliver quantitative tissue information and seem
promising for an additional differential diagnosis of lesions in biological tissue.

6.1 Introduction

Palpation is one of the oldest clinical examination methods and was practiced by
the ancient Egyptians in 3000 BC. The first treatise in the book of the heart at the
Edwin Smith and Ebers Papyrus is entitled “Beginning of the secret of the physi-
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cian”. Breasted 1930 described how the ancient physician followed the same steps
in the process of examination as in our modern medical practice: interrogation of
the patient as a first step then followed by the classical steps, inspection, palpa-
tion of the body and diseased organs. According to Sakorafas 2001, this papyrus
included the first written evidence suggestive of breast cancer, which was detected
by palpation. Palpation is still one of the standard screening procedures for the de-
tection of breast, thyroid, prostate, liver abnormalities et cetera. Palpation is used
to measure swelling, detect bone fracture, find and measure the pulse, or to locate
changes in the pathological state of tissue and organs. However, palpation is not
very accurate, because of its poor sensitivity with respect to small and deeply lo-
cated lesions as well as to its limited accuracy in the morphological localization of
lesions. The standard medical practice of soft tissue palpation is based on qualita-
tive assessment of the low-frequency stiffness of tissue to define mechanical prop-
erty changes of biological tissue, which represent important diagnostic information
and are of histological and pathological relevance (Ophir et al. 2002). The elas-
tic properties of soft tissues depend on their molecular building blocks and on the
microscopic and macroscopic structural organization of these blocks (Fung 1993).
Pathological changes are generally correlated with changes in tissue stiffness as
well.

Although many researchers have proposed imaging the stiffness distribution in
tissue to enhance diagnosis of cancer disease, as shown in Anderson 1977 and Well-
man 1999, current medical practice routinely uses sophisticated diagnostic tests
through magnetic resonance imaging (MRI), computed tomography (CT) and ul-
trasound (US) imaging, which cannot provide direct measure of tissue elasticity.
However, early detection is one of the primary requirements of successful cancer
treatment especially in breast and prostate cancer. Thus, early detection through
screening methods, such as mammography (female breast), is considered central to
cancer surveillance programs throughout the world. In spite of the unquestionable
successes, there remains an urgent need to improve both sensitivity and specificity
of cancer imaging modalities. In the USA and other developed countries, cancer
is responsible for about 25% of all deaths. On a yearly basis, 0.5% of the popula-
tion is diagnosed with cancer, especially breast and prostate cancer, which present
about 33% of all common cancer cases for females and males respectively (Jemal
et al. 2005). For example, Adenocarcinoma of the prostate is the most prevalent
malignant cancer and the second cause of cancer-specific death in men. It is es-
timated, according to the American Red Cross Prostate Cancer Statistics, that in
2007 in the USA 218,890 men will be diagnosed (new case) and 27,050 men
will die of cancer of the prostate (for details see, http://www.seer.cancer.gov/ Na-
tional Cancer Institute). The probability of developing prostate cancer from birth to
death is 1 to 6. Its annual incidence is approximately 185,000 in Europe, 52,200
in the UK and 56,160 in Germany (Ferlay et al. 2002). Its therapy is more ef-
fective when cancer is diagnosed at an early stage, but this carcinoma is usually
asymptomatic and therefore reliable diagnostic modalities are required. Many can-
cers, such as cancers of the breast or in the prostate appear as extremely stiff nod-
ules (Anderson 1977). Accurate assessment of the local extent of the disease is
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fundamentally important in the selection of appropriate local treatment modali-
ties.

In order to obtain non-invasively the needed mechanical properties of tissue, we
developed at the Institute of High Frequency Engineering at the Ruhr-University in
Bochum a novel real-time strain imaging system for clinical applications (Pesavento
et al. 2000; Lorenz et al. 2002). Initial experiences with this system in biopsy gui-
dance and prostate cancer detection show that it is possible to detect prostate cancer
with a high degree of sensitivity using real-time elastography in conjunction with
conventional diagnostic methods (Ko6nig et al. 2004, 2005).

Another important application for diagnosis using elastography could be the
coronary atherosclerosis (de Korte 2002), which is a common disease in industri-
alized countries. Acute coronary syndromes are associated with a high mortality
rate. They are usually caused by a sudden occlusion of the coronary lumen due to
rupture of unstable plaques in the vessel wall, often with less than 50% stenosis. The
use of computer tomography, X-ray or ultrasound to determine plaque morphology
does not give sufficient information for determining the risk of an acute syndrome.
However, the mechanical properties of vulnerable coronary plaques were shown to
be different from other plaque types. Therefore, IVUS strain imaging can be an
important imaging tool for risk assessment of plaques (Doyley 2001).

In this chapter, we review some relevant background material from the field of
biomechanics and summarize our work in the field of elastography. We then discuss
some basic principles and limitations that are involved in the calculation of displace-
ment estimators needed to evaluate strain images or the relative elastic modulus of
biological tissues. Results from biological tissues in vitro and in vivo are shown to
demonstrate this point. Most of the findings were discovered by our research group
and the Ruhr-University hospitals, Department of Urology, Marienhospital, Herne
and the Department of Cardiology, Bergmannsheil, Bochum. Prospects and results
for different applications of ultrasound elastography are shown and discussed at the
end of this chapter.

6.2 Ultrasound Elastography

Elastography is an imaging technique which was developed over the past two
decades for imaging soft tissue elastic modulus (Ophir et al. 1991) and may of-
fer new information about tissue diagnosis. This technique was developed as a more
quantitative alternative to manual palpation, which is commonly used to detect can-
cerous tissue. The goal of elastography is to use the ultrasound machine to determine
mechanical properties of tissue from which a pathological reference can be proven.
Elastography is based on the static deformation of a linear isotropic elastic material
and generates several new kinds of images, called elastograms. We differentiate here
between strain images in which only strain distributions are shown and modulus im-
ages in which the relative shear or elastic modulus of biological tissue is presented.
As such, the properties of elastograms are different from the familiar properties of
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sonograms. Sonograms are related to the local acoustic backscattered energy from
tissue components, elastograms relate to local strains.

Since the echogenicity and stiffness of tissues are not directly related (Ophir
2002), it could be expected that imaging tissue stiffness, or a related parameter such
as local tissue strain, will provide new information compared to sonograms which
relate to tissue morphology and architecture. Figure 6.1 shows a tissue mimicking
phantom with a hard rigid body inside, which is not visible in the conventional ul-
trasound image, because of equal backscattering properties, but clearly seen in the
strain image. These phantom results have now been confirmed in different medical
applications as in the prostate diagnosis (Konig et al. 2005) and in the breast diag-
nosis (Garra et al. 1997; Hiltawsky et al. 2001; Insana et al. 2004) and in animal
studies (Bilgen et al. 2003).

In the first step of elastography the internal displacement field of biological tis-
sue is determined using an ultrasound elastography system by applying quasi-static
compression to the considered tissue (Fig. 6.1). Axial displacements are calculated
by comparing echo signal sets obtained prior to and immediately following less than
1% compression, using a fast phase-sensitive technique. Strain images representing
mechanical tissue properties in a non-quantitative manner are displayed in real time.

Tissue strain imaging elastography methods based on ultrasound fall currently
into three main groups:

1. Methods where a quasi-static compression is applied to the tissue and the result-
ing components of the strain tensor are estimated (Ophir et al. 1991; O’Donnell
et al. 1994).

2. Methods where a low frequency vibration (<1 kHz) is applied to the tissue, and
the resulting tissue behavior is inspected by ultrasonic or audible acoustic means
(Lerner and Parker 1987; Lerner et al. 1990; Fatemi et al. 1999; Taylor et al.
2000), and

Compression

7 : Strain image
Sonogram

Fig. 6.1 A soft tissue mimicking phantom with a hard inclusion is slightly compressed using the
US transducer. The isoechoic rigid body with spherical shape in the phantom is not visible in the
conventional B-mode image on the left because of equal backscattering properties. The same body
can be clearly seen in the strain image to the right, where artifacts are seen above the inclusion
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3. Methods involving the measurement of displacements induced by the LF propa-
gation (50 to 200 Hz) of pulsed shear waves using a time-resolved 2-D transient
elastography system (Sandrin et al. 1999; Catheline et al. 1999).

To understand the mechanical properties of tissue, it is necessary to understand the
basic elasticity theory for Static Compressions. The next sections will introduce
various types of elastography methods: strain imaging and reconstructive ultrasound
elastography. The next subsection summarizes quasi-static deformations and the ba-
sic theory of static compression. In the last section we present some strain imaging
phantom and in vivo results.

6.2.1 Theory for Static Deformations

For a large number of solids, the measured strain is proportional to the load over
a wide range of loads. This linear relationship is known as Hooke’s law, which states
that each of the components of the state of stress at a point is a linear function of the
components of the state of strain at the point (Saada 1989). Mathematically, this is
expressed as a constitutive equation, which may be written in tensor notation as:

Glj :Cijmnsmn {i!j1m7n=19293}7 (6'1)

where C;jp, are elastic constants comprising the elements of a stiffness matrix and
oij is the stress component in a plane perpendicular to the axis x; and parallel to the
axis x;.

The components of the matrix Cjj,;, are elastic constants that are intrinsic prop-
erties of the material. Furthermore, using the 2D-scan conditions from a conven-
tional ultrasound 2D-machine and deformations seen in Fig. 6.1 all structures and
boundary conditions can be reduced to a two dimensional case. The constants C;jun
characterize a general anisotropic, linearly elastic material. In order to calculate ad-
equate material properties, some assumptions with respect to the material and the
geometry are needed. In general, soft tissue can be well modeled as a visco-elastic,
anisotropic, and incompressible material. However, in the context of elastography
the material behavior is assumed to be linear elastic for small deformations, isotropic
and nearly incompressible. While the first simplification can be achieved using
a suitable experimental set-up, the second assumption excludes the investigation of
anisotropic tissue such as muscle. Since the elastic properties of an isotropic mate-
rial are independent of the orientation of the axes, the equations may be expressed in
terms of only two independent parameters known as the Lame’s constants A and u.
Linear elastic materials obey the generalized Hooke’s law which is expressed above
and use the following 3 elastic constants:

Ciizz =4 (6.2)
Ciinn=A+2u (6.3)

1
C1212=§(C1111—C1122)=M- (6.4)



108 6 Ultrasonic Strain Imaging and Reconstructive Elastography for Biological Tissue

The constant pu, is referred to as the shear modulus. The volume change per unit
volume due to spherical stress is dependent on the bulk compressional modulus K,
which is related to the Lame’s constants by:
3r+2u
3

There are also two other engineering parameters commonly used to characterize
the mechanical properties of solid materials: Young’s modulus, E, and Poisson’s
ratio, v. These are related to K and u by the following expressions:

E
K=——
3(1—2v)

K = (6.5)

(6.6)

and
E
2(14v)

Soft tissues contain both solid and fluid components and therefore may have me-
chanical properties that fall somewhere between both (Sarvazyan et al. 1995). The
ratio between the shear modulus and the compressional modulus /K is close
to a few tenths for solid materials, while it equals zero for liquids. Many soft tis-
sues are nearly incompressible with Poisson’s ratios ranging from 0.4900 to 0.4999
(Rychagov et al. 2003), which make them mechanically similar to liquids. Note that
from equation (Egs. (6.6)—(6.7)) for incompressible tissues (v = 0.5), the relation-
ship E = 3 holds. This means that for incompressible materials there exists a sim-
ple proportionality between the shear and the Young’s moduli. The bulk compres-
sional modulus K may be estimated from the propagation speed of compressional
waves ¢ and the material density (K = ,ocz).

Since it is well known from the literature that the changes of the speed of sound
as well as the density in different soft tissue types are small (Christensen 1988),
the difference of the bulk modulus of tissues is small as well. Hence in traditional
medical ultrasound imaging, the speed of sound in tissue is assumed to be a constant
1540 m/s. Thus, the ability to create properly scaled sonograms of soft tissues is in
part due to this small variability in the speed of sound and the attenuation in different
tissue layers. It has been shown that the shear modulus of normal and abnormal soft
tissues may span much more than an order of magnitude (Krouskop et al. 1998)
which can not be explained based on variations of the speed of sound or the bulk
modulus only, because of the small change of this modulus for different soft tissue
types and the concomitant low contrast to noise ratios of imaging results.

Indeed, the elasticity analysis using the linear elastic Hookean behavior is pos-
sible only for very small static deformations. Within each subset the elasticity
(Young’s modulus) can be well approximated as a constant permitting reconstruc-
tion based on a linear elastic model. However, since each subset is associated with
a different overall internal strain, in other words, different preload deformations,
nonlinear elastic properties of tissue are evaluated (Reichling et al. 2005). Note that
the real material behavior of tissue is non-linear and the visco-elastic properties play
an important role.

h= (6.7)
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6.2.2 Imaging Tissue Strain

If a constant uniaxial load deforms an elastic medium, all points in the medium ex-
perience a level of longitudinal strain. The main component of this strain is along
the axis of compression. The longitudinal axial strain is estimated in one dimen-
sion from the analysis of ultrasonic backscattered signals obtained from standard
diagnostic ultrasound equipment. This means that ultrasonic speckle may be used
for this purpose, and no discrete resolvable targets must be present. A stiffer tissue
element will generally experience less strain than a softer one. In the experimental
setup (Fig. 6.2) the ultrasonic RF-data were acquired from scatterers contained in
the tissue region of interest, and then digitized.

The data set is acquired while compressing the tissue with the ultrasonic trans-
ducer (or with an extra compressor combination seen in Fig. 6.2). Along the ultra-
sonic radiation axis a small surface deformation is applied, generally about 1% or
less of the total tissue depth. Echo lines are acquired before and after compression
from the same region of interest.

The main goal of elastography is to use the difference in elastic modulus of tissue
types to distinguish them. The basic steps to create elastograms are: The first step is
to subject the specimen, for example as seen in Fig. 6.2 a uniform target containing
a simple circular pattern of higher elastic modulus, to a deformation. The second
step includes the calculation of speckle motion using the ultrasound and a displace-
ment estimator to assume the uniaxial displacement of this target. The third step is
to calculate the strain as the gradient of the measured displacement.

Control unit

y
Precise X
lead screw
z
Ultrasound
System [————
Compressor [Com puterl
plate
Transducer ]

Trigger Trigger Interfacei

RF-Data ADC
Inhomogeneous Card

gelatine target

Table

Fig. 6.2 Schematic diagram of the strain imaging experiment
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Measuring and predicting displacement and strain fields from the known target
modulus is also defined as the forward elasticity problem. In general, the displace-
ment field may be determined using ultrasound or nuclear magnetic resonance. In
the case of ultrasound the speckle images (echo lines) and the displacements are
obtained under static conditions, and effort is made to keep the deformations small.
As a result the deformations are governed by the equations of equilibrium of an in-
compressible, linear elastic solid undergoing small quasi-static deformation. In the
case of magnetic resonance imaging the displacements are calculated from the phase
of the measured magnetic field and are required to be time harmonic (Sinkus et al.
1999). Thus the governing equations are time harmonic and sensitive to visco-elastic
properties of tissue, which are negligibly small in the quasi-static case.

The strain distribution calculated is not an intrinsic tissue property. It is depen-
dent on both internal and external boundary conditions, as well as on the distribution
of shear modulus in the tissue. The external boundary conditions depend on the 3D-
shape and the relative size of the compressor compared to the tissue, as well as on the
degree of friction between the internal and external contact surfaces. The shape and
type of the tissue components determine the internal boundary conditions. There-
fore, a map of the strain distribution in tissue reveals not only information about
tissue shear modulus distributions, but also about tissue connectivity (interfaces be-
tween tissue components) and other geometrical considerations. An incorrect inter-
pretation of the stiffness distribution as a direct map of strain images may result
in some known image artifacts due to stress concentrations that may be misinter-
preted as areas of low modulus or stress decay inside the tissue layers (Kallel et al.
1996).

6.2.3 Displacement Estimation in Strained Tissues

Several algorithms have been developed to estimate displacement and strain in one
and two dimensions either from ultrasound radio frequency-data or demodulated
data. These approaches can be summarized in estimates with ultrasound speckle
tracking or block matching techniques (O’Donnell 1994; Kaluzynski 2001), cor-
relation based algorithms (Ophir 1991, 1996) and optical flow algorithms (Lorenz
1999; Khalil 2005).

6.2.4 Methods Using Radio Frequency Data

The methods using RF-data cross-correlation are the most effective and common
methods to determine the tissue motion. Using ultrasound RF-data the digitized con-
gruent echo lines before and after compression are segmented into small temporal
windows that are compared pair-wise using one of a variety of possible time-delay
estimation techniques such as cross-correlation, from which the change in arrival
time of the echoes before and after compression can be estimated. Due to the small
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magnitude of the applied compression, there are only small distortions of the echo
lines, and the changes in arrival times are also small. The windows are usually trans-
lated in small overlapping steps along the temporal axis of the echo line, and the
calculation is repeated for all depths (Fig. 6.3).

The fundamental assumption is that speckle motion adequately represents the un-
derlying tissue motion for small uniaxial compressions. This assumption appears to
be reasonable as long as the distributions of the scatterers before and after compres-
sion remain highly correlated. Therefore is the time delay estimation (TDE) a very
important aspect for the quality of elastography. The local tissue displacements are
estimated from the time delays of gated pre- and post-compression echo signals
(Eq. (6.4)).

The auto- and cross-correlation functions of two segments of the pre- and post-
compression echo signals are defined as:

ti+1c/2
1
rik(t) = T / ej(t+1)er(t)dt (6.8)
Ct,'ch/2
T
for |7 <—<KT¢ (6.9)
w0

where T is the window length of the segments being searched e; and e (seen in
Figs. 6.3 and 6.4) and i # k (or i = k) for the cross- and the auto-correlation function
respectively. Therefore the cross-correlation coefficient will be defined as

r12(t)

V1 0)y/r20)

Time delays are estimated from the lag of the peak of the cross-correlation function
7(t) between the pre- and post-compression gated echo signals, as seen in Eq. (6.4).
Using the constant speed of sound we can then calculate the displacement Az as
follows:

p(t) = (6.10)

i B
0] "*“s ==

e (1)

Time ()

Fig. 6.3 Definition of segments and steps using RF-data from a compressed and an uncompressed
Echo with determined time lag. (7;.: Window length)
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Fig. 6.4 Echo signals from pre- and post-compression (left) and the calculated correlation coeffi-
cient (right), where the time delay 7(¢) is calculated using the maximum of the cross correlation
function

Az(t) = %c-r(z‘) . 6.11)

However this method is time consuming. It is also possible to use other estimators
of time delay, such as the frequency shift of the cross-spectrum (Konofagou et al.
1999), or the point of zero phase of the cross-correlation function (PRF-Algorithm)
(Pesavento et al. 1999; Lorenz et al. 2001). The quality of elastograms is highly
dependent on the optimality of the time delay estimation procedure, which is mainly
degraded by two factors:

1. Random noise, which introduces errors in the TDE and is especially disruptive
for small time delays.

2. The decorrelation, which results from tissue compression and occurs when the
post-compression signal is distorted such that it is no longer an exact delayed
version of the pre-compression signal. This error increases with increasing strain
and is independent of the signal to noise ratio of the system but mainly arises
from new non linear effects, for more details see Erkamp et al. 2004.

Any phenomenon (such as lateral and elevational motion) that degrades the pre-
cision of the time-delay estimates will also degrade the strain estimates, thus in-
troducing additional noise into the elastogram. Echo signal decorrelation is one of
the major limiting factors in strain estimation and imaging. For small strains, it has
been shown that temporal stretching of the post-compression signal (or temporal
compression of the pre-compression signal) by the appropriate factor, entirely com-
pensate for signal decorrelation, for more details see the work of Lindop et al. 2006.
The quality measure of elastograms is denoted SNR., which has previously been
defined by (Cespedes et al. 1993) and can be measured experimentally in images
where the underlying strain field is known to be homogeneous.

6.12)

ILs is the mean strain estimate and oy is the standard deviation. When the post-
compression echo signal is stretched, it realigns all the scatterers within the correla-
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Fig. 6.5 Tissue like phantom with a stiff cylindrical inclusion: B-scan (left), strain image calcu-
lated using the RF-data with 1.5% applied deformation (middle) and using 2D-Block Matching
algorithm (right) with 3% applied deformation

tion window. Global uniform stretching was found to significantly improve the elas-
tographic signal-to-noise ratio (SNR¢) and the strain dynamic range in elastograms
(Alam and Ophir 1997). Thus, a global uniform stretching of the post-compression
A-line prior to the displacement estimation is highly advisable, unless the applied
compression is very small (<1%) and thus stretching may not be necessary. If
high strains (large deformations) are applied, significant decorrelation occurs, which
cannot effectively be compensated by stretching. Axial stretching is mandatory in
the presence of intermediate strains; otherwise the elastograms become so noisy
(Khaled et al. 2006) that they are practically useless as seen in Fig. 6.5.

6.2.5 Block Matching Methods:

The RF-based time delay estimation was shown to be accurate but heavily depend-
ing on the compression magnitude and echo decorrelation. In case of deformations
larger than 1%, fast cross-correlation methods fail to estimate the exact displace-
ment of the deformed tissue, as seen in Fig. 6.6. A number of other techniques for
the estimation of displacement based on Block Matching (e.g. Sum Absolute Dif-
ferences (SAD)) have been explored. As radio-frequency data is rarely available in
conventional ultrasound machines we proposed strain imaging using base-band en-
velope data (Lesniak et al. 2005). The envelope signals can be digitized at a lower
sampling rate and they require less storage and processing time. However, the feasi-
bility and accuracy of envelope data based strain imaging has not been extensively
explored yet. The use of Block Matching techniques for displacement estimation is
in case of large deformations crucial. The reference image and the deformed image
are divided in overlapping equal blocks, as seen in Fig. 6.6, from which the displace-
ment is calculated using for example the Sum Absolute Differences (SAD), which is
presented to perform as precisely as the normalized cross correlation, which reduces
computation complexity.

N
SADnmin (i, j) = min [Z Ix1p (i, j) —x2p(i, j+v )I] . (6.13)

n=1
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Fig. 6.6 Scheme of SAD block matching

Therefore, to estimate displacements of local tissue regions motion compensation
methods based on block matching, mainly global block matching and based on SAD
were used.

From Eq. (6.13) x1p and x2p denote 2D-blocks from two consecutive interpo-
lated windows with the size (N1 by N;) the values (i, j) denotes the block index, v is
varied in a certain interval. For each window position the axial and lateral displace-
ments of the best matching pair is recorded, resulting in (M by N) displacement
values per image block. Finally, a global axial displacement matrix is determined
for each image pairs (Khaled et al. 2006b).

The disadvantage of this method is that it is very time consuming, therefore other
methods using variable size block matching, like diamond search, 3-step search, et
cetera, which improve results of video codec applications, are tested to determine
better and faster displacement estimation results.

6.3 Reconstructive Ultrasound Elastography

As described in the previous section measuring and predicting strain fields from
a known target E-modulus is also defined as the forward elasticity problem. In this
problem we were given the material properties and the boundary data and were
asked to calculate the displacement field. In the inverse problem the situation is re-
versed. We are now given the displacement field (or the related measurement) and
the boundary data and are asked to calculate the material properties. While this sit-
uation is typical for inverse problems in other fields such as ultrasound tomography,
the inverse elasticity problem is distinct in that the measured data is known only on
a significant subset of the domain and sometimes the boundary data too.
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6.3.1 Tissue-like Material Phantoms

In the frame of reconstructive elastography it was important to solve the forward
elasticity problem, so it is possible to understand more about material properties and
boundary data, which will be applied to solve the inverse problem. Thus in freehand
elastography, the compression is manually induced by the conducting physician and
is therefore operator dependent, leading to unstable image sequences. On the one
hand it was important to present a new designed phantom to help physicians get
used to real time elastography systems and on the other hand it was important to
make phantoms with known target E-modulus and boundary data so we can solve
the forward and inverse problems.

Tissue-mimicking phantoms used for elastographic experiments are mostly made
from a mixture of agar and gelatin. The solution of agar and gelatin has effectively
revealed interesting properties, since gelatin contributes to the elastic character and
agar insures stiffness and cohesion (Hall et al. 1997). The acoustical scattering of
such phantoms can be adjusted by simply varying the scatterer concentration. The
independent control of acoustical and mechanical properties of such phantoms made
agar gelatin phantoms attractive for elastographic experiments. However, the disad-
vantage is the long-term change in geometric and physical properties, as well as
that agar-gelatin phantoms tend to rupture easily under increasing radial stress. For
solving the inverse problem and testing the prostate diagnostic using ultrasound
elastography and a rectal probe these phantoms could not simulate the ruggedness
and elasticity needed.

For those reasons, a new material has been tested for this specific application
purpose, which has a high breaking strength and is able to emulate tissue structures
accurately. This material is Poly Vinyl Alcohol (PVA). It acquires its properties by
freeze-thaw cycle processes in its cryogel form (PVA-c). This gel transition makes
a thermoreversible gel, which is a matrix of a physically crosslinked polymer con-
taining uncrosslinked ones and water. Normally cryogel prosperities depend on sev-
eral factors such as the molecular weight of the uncrosslinked polymers, concentra-
tion of aqueous solution, temperature and time of freezing, and number of freezing
cycles (Peppas et al. 1991). Most of the gel types are stable in room temperature;
they could be extended up to six times of their initial size, which show their rubbery
and elastic properties and also their high mechanical strength.

Chu et al. 1997 have studied this material and found that the acoustical and elas-
tic characteristics of the PVA-c are within the range of those of soft tissues. There-
fore for the production of phantoms with variable realistic elastic, ultrasound and
even also magnetic resonance properties, we need a set of materials to represent fat,
glandular and the perineal membrane. These materials consist of ethyl alcohol in
PVA-c with TLC Silica gel 60 H dispersions with different concentrations and dif-
ferent thaw and freeze cycles (Khaled et al. 2005). Production of molds for making
phantoms with geometries suitable for current ultrasound elastography with internal
structures was achieved including simulated tumors. Some niceties in mechanical
properties could be simulated also in the phantoms for the appropriate experiment.
The variation of the elastic modulus according to thaw and freeze cycles was quanti-
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fied using a compression experiment at the Institute of Mechanics, Ruhr University
Bochum. Preliminary results established a range of 26.3 2.6 kPa—86.9 = 11.8kPa
for 2-5 freeze-thaw cycles and 10% PVA-solution concentration, with a 19 hour
freeze and 4 hours thaw cycle duration (Arnold 2006; Reichling 2007). Different
studies of the Young’s moduli the ultrasound speeds and ultrasound attenuation co-
efficient were calculated. The results show that the stress-strain relationship of PVA-
phantoms is close to that of tissue, and that the ultrasound propagation speed is in
the range of [1498 m/s—1560 m/s] at 22 °C room temperature.

6.3.2 Solution of the Inverse Problem

Unfortunately, strain images alone do not represent a quantitative measure of elas-
ticity, because they do not take account of how the stresses are distributed in the
medium and therefore provide only approximate measures of tissue elasticity, which
could be misinterpreted as explained before. Better images can be obtained by ex-
ploring the feasibility of reconstructing tissue elasticity within the framework of
solving the inverse problem. However, inverting measured responses, such as strain
distribution, prove to be difficult due to stability problems and it requires the com-
plete understanding of the equivalent forward problem using a finite element (FE)
simulation technique.

Almost any tissue material has a more complex behavior than the simplifica-
tions given above. A few soft tissues obey Hooke’s law in a very limited range
of temperature, stress and strain, but usually soft tissue can be well modeled as
a visco-elastic, anisotropic, and incompressible material. There are three additional
properties found in many tissue types, which also affect the deformation character
of tissue, as explained by (Fung 1993): The first property is called stress relaxation,
which means decreasing the corresponding induced stress in a body if this body is
suddenly strained and the strain is maintained constant, the second is called creep,
which happens when the body is suddenly stressed and this stress is maintained con-
stant, and the body is continuing its deformation. The third feature is called hystere-
sis; it means there is a difference in the stress-strain relationship between the loading
and the unloading process. These three phenomena are called features of visco-
elasticity. Mechanical models are often used to discuss the visco-elastic behavior
of materials, such as the Maxwell model, the Voigt model, and the Kelvin model
(Fung 1993). These models all consist of a combination of a linear spring and dash-
pots with coefficients of viscosity. The ideal linear spring is deformed proportionally
to the load. The dashpot is supposed to produce a velocity proportional to the load
at any instant. Therefore the total force produces a displacement in the spring and
a velocity in the dashpot, which defines the mechanical behavior of all models.

In spite of these real properties, tissue and tissue-like materials are usually as-
sumed that they behave as linear, elastic, and isotropic materials to simplify and
study them (Ophir et al. 2002). These assumptions are likely to be reasonable for
small strains, short duration load application, and a spatial scale that is large com-
pared to the relative correlation length of the elastic variability in the tissue sample.
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Furthermore, using the assumption of a plane strain deformation, all structures and
boundary conditions can be reduced to a two dimensional case. Using these sim-
plifications, the inverse problem of elastography can be defined as an estimation of
the shear modulus distribution p from the measured axial displacement component
u1(x1). In order to solve this inverse problem, two completely different classes of
methods can be distinguished. On the one hand there are so called direct approaches,
e.g. (Sumi et al. 1995) and on the other hand there are the iterative approaches,
e. g. (Oberai et al. 2003). Generally in the direct method the strong form of equilib-
rium equations is used, neglecting the body force ( f;) (Skovoroda et al. 1997).

8 ..
DUy =0 {ij=12)
o) (6.14)

fi~0,

where o;;is one component of the 2nd ranked stress tensor and f; is the body force
per unit volume acting on the body in the x; direction (Saada et al. 1989). Since
most tissues can be treated as incompressible, a value close to 0.5 can be assumed
for the Poisson’s ration v (Cespedes et al. 1997). In addition the pseudo-constitutive
law for incompressible materials can be used as in the following equation:

oij = pdij +2ueij , (6.15)

where §;; is the Kronecker delta, p is the mean normal stress, u is the shear modulus
defined above in Eqgs. (6.6)—(6.7) and E is Young’s modulus and in the case of in-
compressible soft tissue the relationship £ = 3u holds. The Hooke’s law, (Eq. (6.1)),
and the Eqgs. (6.14)—(6.15) are then rearranged to yield a linear partial differential
equation for u:

3
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A and B are matrices depending on the strain and the strain derivatives in x1 and x3
direction as follows:
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and
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Using Eq. (6.15) we can obtain the derivative of the relative shear modulus except
in the points where the determinant of A is zero as follows:

div(lnp) = —A"'B. (6.20)

The relative shear modulus can then determined using a line integration at any point
in the plane (x1, x2) closed with the surface c, relatively to the known shear modulus
of a starting point (a, ay).

pulxi, x2) _ 1
i = /(A B) . 6.21)

.
The benefit of these direct solution methods is that they are time-saving compared to
the iterative methods. A disadvantage is that all components of the strain tensor are
assumed to be known. Furthermore, in order to estimate the strain field, noisy data
have to be differentiated. Better solutions could be achieved using iterative methods
solving the inverse problem of elasticity, e. g. (Oberai et al. 2003; Reichling et al.
2007). These algorithms generally use the weak form of the equilibrium equations.
In these methods the inverse problem is regarded as a minimization problem. Fig-
ure 6.7 and Eq. (6.22) show the optimization procedure in which a functional (i)
is defined, in order to minimize the difference between the measured and the sim-
ulated deformation, which is equivalent to minimizing the difference between the
corresponding displacements. The second part of the sum is a Tikhonov regulariza-
tion parameter (Bertero et al. 1998), needed for the stability of inverse problems. The
Tikhonov parameter is essentially a trade-off between fitting the data and reducing
a norm of the solution. It helps to regulate the numerical solution in terms of noisy
measured data and is chosen according to the theory of residues due to Morozov
(see Isakov 1998 for example). This is defined as in the following equation:

Findpu=pu&x):m(uw)=||Twm)—Twu™) IIé —i—% — min!, (6.22)

where u™ is the measured and u is the calculated displacement field from appro-
priate finite element simulations, while T denotes a projection tensor onto the axial
direction in the space 2 and & the resulting error-function to be minimized.

We consider the solution of this inverse problem by using a class of optimization
algorithms (Reichling et al. 2007), that require the value of the functional and its
derivative (gradient). ¢ is defined as the solution of the direct problem and D, 7 the
derivative of the error function i to the variable . Several quasi-Newton algorithms
exist, such as the steepest descent, BEGS (Broyden—Fletcher—Goldfarb—Shanno) al-
gorithm, see Zhu et al. 1997 for more details.

Figure 6.7 shows the block diagram of the BFGS algorithm used to solve the in-
verse problem of elasticity. The main advantages of these methods are the robustness
with respect to the noisy measured data u™ and the fact that only a one dimensional
component of the displacement is needed. The disadvantage is that these algorithms
are comparatively time-consuming.
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Fig. 6.7 Optimization Algorithm used to solve the inverse problem. ¢ is defined as the solution of
the direct problem and D, 7 the derivative of the error function 7 to the variable

6.3.3 Simulation and Experimental Results

The above mentioned methods were implemented and applied to a number of nu-
merical simulations and experimental data. To reconstruct the elastic properties of
tissue a simulation procedure for effective modeling is needed. This procedure con-
tains three composites, and interactive parts: (1) a mechanical tool using finite ele-
ment simulations giving the simulated axial displacement and stress at each of its
nodes after the application of the external compression on the specimen; (2) an
acoustical tool measuring the acoustic RF-signals and images inside the phantom
before and after compression and (3) and image formation technique giving esti-
mates of the displacement field, strain distribution and reconstructing the elastic-
ity image of the tissue. Numerical simulations were performed using a standard fi-
nite element program. To simulate the mechanical behavior of the tissue-mimicking
phantoms, a two-dimensional mesh consisting of 2236 eight-node, isoparametric,
arbitrary quadrilateral elements, designed for incompressible or nearly incompress-
ible plane strain applications, was used. As only the axial displacement can be mea-
sured with an adequate accuracy, only one-dimensional simplification of the direct
approach Eq. (6.21) is used. In the simulation, the experiment shown in Fig. 6.8
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Fig. 6.8 Schematic diagram of the experimental setup and the simulated phantom finite element
mesh
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(left) is modeled as a plane strain state. The simulated phantom consists of a hard
cylindrical inclusion in a softer matrix.

Figure 6.8 (right) shows a sketch of the finite element discretization with applied
boundary conditions. In order to reconstruct the shear modulus appropriate bound-
ary data were applied to the model: all nodes on the upper and lower boundary
can move freely in x-direction, whereas the movement in y-direction is prescribed,
all other nodes can move in x- and y-direction. In all FE-analyses, the Young’s
modulus of the inclusion was higher than surrounding material. The Poisson’s ratio
of both parts was set to 0.495 defining nearly incompressible tissue-like materials.
Corresponding to a finite element solution of the elasticity problem, the equation for
determining the nodal displacement u in Fig. 6.8 (right) is given by:

Y Kij(wuj = fi. (6.23)
=1

K is the stiffness matrix depending on w, which is the vector containing the nodal
values of the shear modulus and the vector f, which appears on the right-hand side
contains contributions from prescribed external force and displacement boundary
conditions. In this study, we have used the finite element formulation for a nearly
incompressible linear elastic solid described in Hughes (2000). As seen in Fig. 6.9
(left) on the top of the specimen a compressor plate is shown, where the transducer is
integrated in the real experiment, which permits the assumption of the plane strain
state. The ratio of the shear modulus between the inclusion and the matrix is set
to Minc/Mmat = 3/1 and both materials are chosen to be nearly-incompressible. To
simulate a measurement situation, the noisy displacement field is obtained by adding
white Gaussian noise with a noise level of 1% to the calculated displacement field.
Figure 6.9 shows a comparison between numerical simulation results of calcu-
lating the relative shear modulus using noisy data with the direct and the iterative
approaches described earlier. Both methods are capable of finding the hard inclu-
sion but with different results. The comparison to the right (Fig. 6.10, right) shows
that the iterative method is much better than the direct one. However, an error is
still found between the real and the calculated values of the shear modulus, because
of the simulated noisy data. The disadvantage of the iterative method is the higher
computation time which is about tens times or higher than the time used in the direct
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Fig. 6.9 Results of finite element analyses for ptinc/tmat = 3/1: displacement in y-direction (left)
and (c) strain &y, (right)
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Fig. 6.10 Numerical simulations of an experiment: calculated relative shear modulus distribution
using noisy data with the direct (left) and the iterative method (middle), path plot showing the shear
modulus ratio along the path in 1 cm depth for the real simulation and the inverse results (right)

method. For all cases, the overall time taken to solve the problem is reasonable (for
the 80 x 60 mesh about 5 min using a 1.7 GHz Pentium processor). In Fig. 6.10 the
thin white circle marks the position of the inclusion in the scanned region.

In the experimental setup (Fig. 6.11) the ultrasonic RF-data were acquired using
a commercially available ultrasound system (Siemens SONOLINE Omnia) modi-
fied to get RF-signals, equipped with a 9 MHz linear array probe, a trigger interface,
and sampled by a conventional analog to digital conversion card (12 Bit; sample fre-
quency: 50 MHz) and a desktop PC. To measure the stress-strain relation we used
a pressure sensor and sensitive digital position encoders combined with a multi-
channel electronic PC measurement unit for parallel, dynamic measurement data
acquisition using a second desktop computer.

In the experiment we reconstruct the elastic properties of the ultrasonic tissue
mimicking PVA-phantom, seen in Fig. 6.12, containing a harder 1.4 mm diameter
cylindrical inclusion with more freeze thaw cycles than the surrounding material.

Fig. 6.11 The experimental setup to measure and reconstruct the shear modulus of phantom mate-
rials using ultrasound elastography
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Fig. 6.12 PVA-c tissue mim-
icking ultrasound phantom
with a cylindrical inclusion
and the ROI of the ultrasound
image

(3.2cm x 4cm); ®1=1.49cm

We used PVA-c phantoms (10% concentration) with 2 and 5 freeze and thaw-cycles
to emulate the surrounding material (soft tissue) and the hard inclusion (tumor tis-
sue) respectively.

The tissue-like phantom was imaged using the ultrasound elastography system
and a stepper motor with a compressor plate to generate a plane strain state and
measure stress-strain relation as seen in Fig. 6.13. Acquired experimental results
using a tissue mimicking phantom (Fig. 6.13) were similar to simulated results in
Fig. 6.13.

In order to simplify the visualization of the inclusion and to compare the numeri-
cal results, the chosen test phantom was not isoechoic. In this experiment small
displacements are determined between ultrasonic image pairs, which are acquired
under varying small axial compression, using a cross-correlation analysis of corre-
sponding echo-lines within RF-data sets as detailed earlier. The derivative of dis-
placement field is equal to the strain in tissue. The strain imaging system uses the
fast phase root algorithm (Pesavento et al. 2000) for strain estimation leading to
a frame rate of 30 frames per second.

After acquiring a series of 2D elastograms, the volume is created by placing each
image at the proper location in the volume. The position data acquired with each
2D elastogram determines the particular location of the image. Using the three-
dimensional data to reconstruct an equivalent virtual object could help in calculating
the volume of the object imaged. This procedure is shown in Fig. 6.14.

Some physicians assert that the correct estimation of the tumor volume (in vivo)
for example in the prostate cancer would be helpful in formulating treatment for
the disease, since (ex vivo) determination of tumor volume has been shown to cor-
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Fig. 6.13 Experimentally obtained results of the phantom: the B-mode image (/eft), reconstructed
relative shear modulus using the direct method (middle) and the calculated relative shear modulus
using the optimization iterative method (right)
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Fig. 6.14 Sequential acquisition of parallel slices using elastography, combined with image seg-
mentation, enables the reconstruction of 3D image to the right

relate with the progression of the disease after radical prostatectomy (Taylor et al.
2000). Other applications for elastography could be in the development of haptic
devices. These could be used in many application fields, such as in virtual reality,
intra-operative navigation, in teaching and in palpation perception representation for
pathological tissues or organs in medical examinations (Khaled et al. 2004).

6.4 Medical Results of Elastography

In principle, elastography may be applied to any tissue system that is accessible
ultrasonically and which can be subjected to a small static (or dynamic) compres-
sion. The compression may be applied externally or internally as shown in case of
intravascular applications.

In this section a summary of results from some applications is presented. By
comparison, the companion sonograms do not provide a clear visualization of the
tumors shown in the elastography images of the prostate. It should be noted that
each elastogram was derived from two or more of very similar sonograms, one of
which is shown. The first in vivo application of elastography was for imaging the
breast and skeletal muscle (Cespedes et al. 1993).

More recently, the first real time ultrasound elastography was developed at the
Ruhr-University to determine strain images in the prostate side by side with the
B-mode scan on a conventional ultrasound machine (Voluson 730, Kretz, GE), us-
ing a transrectal transducer with a middle frequency of 7.5 MHz. During the on-
going clinical study on prostate tumor diagnosis at the Urology Hospital of the
Ruhr-University Bochum (Marien-Hospital Herne), more than 216 patients have
undergone clinical examinations. It has been shown that our system for real time
ultrasound elastography is able to detect the prostate carcinoma with a high degree
of accuracy, reaching a sensitivity of 76% and a specificity of 84%, compared with
only 34% using ultrasound B-Mode images alone (Konig et al. 2004, Kiihne et al.
2003 and Scheipers et al. 2003). Figure 6.15 shows an example, where prostate
slices with histological diagnosis following radical prostatectomies act as reference.
Cancerous areas have been stained and marked on the prostate slices.
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(a) (b) (©

Fig. 6.15 In vivo results of a human prostate: a Histology, tumors have been stained, malign and
benign tissue areas have been marked by pathologist. The tumor is in the lower left side. b B-mode
image: tumor nearly not visible. ¢ Strain image: The tumor is clearly visible as a dark area on the
left side. (In cooperation with the Urology Hospital, Ruhr Univ. Bochum, Marien-Hospital Herne
and LP-IT Innovative Technologies GmbH)

1 orngititinal

Fig. 6.16 In vivo results of a human prostate during a biopsy guided with real time strain imaging
in the longitudinal mode. (In cooperation with the Urology Hospital, Ruhr Univ. Bochum, Marien-
Hospital Herne and LP-IT Innovative Technologies GmbH)

In a second study we examined 56 patients (preliminary results) suspected of
suffering cancer according to either the digital rectal examination (DRE) and/or
the PSA-test (blood-test) values and/or transrectal ultrasound (TRUS). The patient
underwent sextant needle biopsy assisted with real time strain imaging, where the
“gold standard” is the needle biopsy result, 85% of the cancer patients were correctly
recognized and 61% of needle specimen were correctly classified (Konig et al. 2004,
2005) as seen in Fig. 6.16.

6.5 Results of an Intravascular Ultrasound Study

Recently, the method of ultrasound elastography became of major interest for plaque
discrimination (de Korte 2002). The stiffness of the wall tissue is evaluated to char-
acterize vulnerable plaques, usually soft plaques regions exhibiting an increased
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strain, which are characterized by a thin fibrous cap covering an eccentric soft lipid
pool. Any physiological phenomena, such as pulsating arteries or respiration, could
be used as a source of tissue compression.

In an experiment an intravascular ultrasound (IVUS) scanner (Galaxyll, Boston
Scientific) is used for in vivo experiments in the catheter lab at the Ruhr-University
Hospital (Bergmannsheil, Cardiology Department). Single element rotating trans-
ducers with a center frequency of 40 MHz are used for the acquisitions. Custom
made hardware is used for triggering and signal amplification. /n vivo imaging
is performed and full frame RF data are sampled (f; = 400 MHz), digitized and
recorded with informed patient’s consent during IVUS examinations in the catheter
lab. Simultaneously, intracoronary pressure signal is recorded along with an electro-
cardiogram. Pressure guide wires were used for pressure measurements and evalu-
ated.

Pressure measurements were used to align the RF data of consecutive diastolic
frames. The analysis of the acquired image series reveals that the image correlation
reaches a maximum during the diastolic phase of the heart cycle (Fig. 6.17).

For strain image calculations only frames in the late diastole are considered, since
in this part of the heart cycle vessel motion and thus decorrelation effects are sup-
posed to be minimal. However, motion is still present even in the diastole and often
degrades strain estimation results. During a heart cycle only a small number of im-
age frames are suitable for strain analysis. Another problem is the rotating single el-
ement system, which reduces signal correlation according to non uniform rotational
distortion (NURD) and has a low frame rate of about 30 frames per second. There-
fore real-time strain calculations are not feasible. Contour mapping procedures and
block matching methods reduces the error of decorrelation and can improve strain
images.

The strain of the surface of the plaque is lower than the surrounding lumen (red)
under this pressure. The plaque layers are clearly recognized at several places with
different strain values. Several layers are also seen inside the plaque, which are hav-
ing a higher or a lower strain locally. The Figs. 6.19-6.20 show results from differ-
ent patients. B-mode images with 50 dB dynamic range are displayed along with the
strain images calculated from two consecutive frames of data in the diastolic phase
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Fig. 6.17 In vivo results of a 40 MHz IVUS scan of the left coronary artery (right). Full frame
RF data is recorded for three seconds. Simultaneously, an intracoronary pressure signal is recorded
(left). For strain calculations only frames in late diastole are considered. The arrow in the pressure
plot indicates the acquisition time of the two consecutive data sets
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Fig. 6.18 In vivo data of the left coronary artery of a 71 years old patient. RF-data collected (left)

and B-mode image (1024 x 256) samples ( f = 200 MHz) for a rotating single Element in polar
coordinates. To the right is the B-mode image in Cartesian coordinates
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Fig. 6.19 B-mode image (upper left), results of contour detection of the plaque surface (upper
right), strain images determined inside this contour (lower left), the virtual addition of both the
strain and the B-mode image (lower right) [soft = light; hard = dark]

Fig. 6.20 Results of B-scan and contour detection of the plaque surface (left), strain images de-
termined inside this contour (center), the virtual addition of both the normal strain and the normal
B-scan (right) [soft = light; hard = dark]
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of the heart cycle. The strain is only displayed in the contours around the luminal
border. With increased depth the signal correlation is reduced and strain calculation
is not feasible, this area is blackened out. The B-mode image in Figs. 6.18-6.19 and
Fig. 6.20 are showing a thickened intima with a plaque formation. The strain images
show that parts of this plaque are hard (dark) on the cap of the plaque and other parts
are soft inside the plaque (yellow or green).

6.6 Summary and Conclusion

Ultrasound elastography is a newly developed imaging modality based on the fact
that different tumors and cancerous tissue are significantly harder than normal tis-
sue. The goal of this modality is to determine non-invasively elastic properties of
examined tissue using the displacement and strain calculated according to a small
deformation.

We presented in this chapter a novel real-time ultrasound strain imaging system,
which allows the use of elastography in a clinical study for the early detection of
prostate cancer during conventional transrectal ultrasound examinations. We have
shown that elastography holds promise in the in vivo diagnosis of prostate cancer
and intravascular disease. The fact that free-hand real-time strain imaging for the
deformation is used, leads to decorrelations in RF-signals, which increases images
noise.

We presented a method to determine tissue deformation using block-matching,
which improves strain images calculated in the large deformation case. Thus,
the displacement estimation can be improved if we take into account the non-
linear effects. While strain imaging artifacts are fairly well understood, their pos-
sibly ambiguous role for the detection of lesion and diagnosis remain unknown.
Therefore we have developed and implemented an efficient formulation to solve
the inverse problem of elasticity using the reconstructive elastography. It deliv-
ers additional quantitative information about the relative shear modulus and seems
promising for differential diagnosis of lesions in biological tissue. Although, only
one-dimensional displacements were calculated for the quasi-static problem, it has
been shown that for a given range of SNR; a relative modulus reconstruction proce-
dure is possible using a fast direct method and an accurate iterative method. These
methods can be further improved by calculating the lateral displacements and the
non-linear axial distortions in finite deformations. The strain imaging and the re-
constructive elastography methods are able to localize inclusions, where only the
iterative reconstructive approach can be used for an acceptable non-invasive quanti-
tative identification of the shear modulus distribution of tissue.

Finally, in spite of the progression happened in the past several years in elasto-
graphy, much progress has yet to be made in order to develop elastography towards
a viable clinical tool. The results of strain imaging of tissue are certain to find a wide
range of applications, particularly in cancer diagnosis, intravascular diagnosis, tis-
sue engineering, and other medical engineering applications.
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Abstract Results from transplantation studies of embryonic stem cell derived so-
matic cells in animal models are promising for ES cell-based cell therapy of degene-
rative diseases such as heart and neurological diseases. However, clinical application
of ES cell-based therapies will become possible after resolving the current barriers
regarding safety aspects, purity and quantity of the cells, immunological rejection
and ethical issues. Tissue engineering is an emerging research field that in com-
bination with the ES cells might contribute to the development of new therapeuti-
cal concepts for treatment of severe degenerative diseases. Indeed, many important
studies and concepts exist to develop strategies for generation of tissue engineered
heart valves. Also, which heart cell type is optimal for cell therapy of cardiac insuf-
ficiency is controversially discussed. In this article we discuss interesting aspects of
cardiac tissue engineering with special focus of embryonic stem cell derived car-
diomyocytes. In addition, barriers of the tissue engineering approach as well as
of the ES cells in general are discussed that should be conquered before ES-cell-
derived therapies can be considered for therapeutical application.

7.1 Introduction

The institute of Neurophysiology of Cologne is mainly focused on investigating em-
bryonic stem (ES) cell derived cardiomyocytes from murine (mES) and human stem
(hES) cells. The functional characterisation of these cells is still ungoing to unravel
details of their specific physiology. In addition, the complete transcriptome of the
mES derived pure cardiomyocytes has been identified (Doss MX et al. 2007). Gene
ontology analysis from the transcriptome shows a specific pattern of gene expres-
sion in the ES cells-derived cardiomyocytes that reflect the biological, physiological
and functional processes occurring in mature cardiomyocytes. More over, cardiac
specific signal transduction pathways were identified (Doss MX et al. 2007).

In the present manuscript we are highlighting aspects of cardiac tissue engineer-
ing with special focus on ES cell derived cardiomyocytes. The generation of car-
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diomyocytes from ES cells is discussed as well as special topics such as cardiac
progenitor cells, reprogramming of somatic cells the use of cell-permeable proteins,
in vitro culture of viable heart tissue slices, recent advantages and technical hitches
in cardiac tissue engineering.

7.2 Rationale for the Cardiac Tissue Engineering

During embryonic development the heart is the first organ of mesodermal origin. Ini-
tialized from a simple tube like structure it undergoes major morphological changes,
recapitulating a sophisticated pattern, to form the four-chambered muscle pump,
driving blood flow by continuous contractions through all vessels and capillaries of
the human body. The heart wall is build up mainly from blood vessels, cardiomy-
ocytes and fibroblasts. While cardiomyocytes are responsible for the contraction
fibroblasts promote the electrical coupling of the cells and build up the extracellular
matrix.

During fetal development cardiac myocytes rapidly proliferate but in the postna-
tal life proliferation ceases. The terminally differentiated cardiomyocyte has evaded
cell cycle and has therefore lost its capacitance to duplicate. Even though there are
reports that adult cardiomyocytes can increase DNA content and might also du-
plicate under some conditions this has to be considered as a very rare event. The
mechanisms by which cardiomyocytes are terminating cell cycle are not completely
understood but down-regulation of cyclins and cyclin-dependent kinases is found in
adult cardiomyocytes. There is also evidence that the high expression of retinoblas-
toma susceptibility gene (rb) in differentiated cardiomyocytes is playing a critical
role for the cell cycle exit. In addition the minimal incidence of cardiac tumors indi-
cates for a possible tight and multilayered regulation of cell cycle in cardiomyocytes
of higher vertebrates (for a detailed review see Ahuja et al. 2007). In contrast, adult
cardiomyocytes of amphibians can contribute to tissue regeneration by mechanisms
that are not fully investigated. In newt, a dedifferentiation of a subpopulation of
cardiomyocytes was found after tissue injury. This dedifferentiation is accompa-
nied by proliferation of the cells and tissue restore. The dedifferentiated cells are
not restricted to the cardiac fate any longer and when transferred to the limbs they
transdifferentiate into chondrocytes and skeletal muscle (Laube et al. 20006).

Although putative cardiac stem cells and side populations of cells are discussed
to retain a potential to expand and to adopt a cardiac phenotype, it is a fact that
the contractile tissue damage occurring during cardiac infarction cannot be repaired
neither by regenerative functions of the organ itself nor by circulating stem or pro-
genitor cells.

Cardiac infarction is the outcome of a dramatically reduced oxygen supply,
mainly as a result of an occlusion of atherosclerotic vessels and ends up with a rapid
loss of contractile cells. During the acute phase an inflammatory process is initiated
by macrophages, monocytes and neutrophils migrating into the infarcted tissue. The
extracellular matrix is damaged by matrix metalloproteases, resulting in a thinning
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of the ventricle wall. During the recovery process, a remodelling of the injured area
occurs. A scar tissue is formed, mostly consisting of fibroblasts that are forming
large quantities of extracellular matrix proteins, namely collagen, building a fibrous
scar tissue with implemented mechanical properties and reduced elasticity.

Cardiac tissue engineering may be useful for repairing of damaged myocardium
to improve contractile function. In principle, two approaches are promising to engi-
neer cardiac tissue: First, it may be possible to build up an artificial tissue in vitro
and transplant it as a functional patch of beating tissue or second, to perform in vivo
tissue engineering by introduction of cells as pure preparations or in combination
with matrix compounds that can repair the damaged organ directly.

7.3 Embryonic Stem Cells as an Unlimited Source
for Cardiomyocytes

During the past decade there is an emerging field of embryonic stem cell biology.
These cells have the fascinating properties to be able to proliferate infinitely (“self-
renewal”) and to differentiate into any cell type of the body (pluripotency). Murine
ES (Fig. 7.1) cells can be easily modified in vitro to express transgenes. Genetically
engineered vectors for labelling and selection purposes are of interest in the view of
tissue engineering.

ES cells differentiation into cardiomyocytes is spontaneous in the absence of
leukaemia inhibitory factor (LIF). For murine ES cell lines large scale bioreactor
systems (Schroeder et al. 2005) have been developed to achieve high numbers of
cardiomyocytes. In contrast, human ES cells have a lower capability to generate
cardiomyocytes by spontaneous differentiation and further development is neces-

Fig. 7.1 Phase contrast images of embryonic stem cell colonies. The colonies are grown on feeder
cells. Feeder cells are mitotically inactivated fibroblasts, generated typically from murine embryos
(there are also human foreskin fibroblasts in use for human ES). The left panel shows a colony of
human ES cells (H1 line), the right panel shows murine ES cells (D3 line). A colony with typical
morphology is marked by the black circle. It appears in elliptical shape. Colonies with irregular,
flattened borders and cellular outgrowth are of minor quality with high degree of differentiated
cells. Some murine ES cell lines are adapted for feeder free cultivation, but today there is no
sufficient method to keep human ES cells feeder free for long culture periods
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sary to generate human stem cell derived cardiomyocytes in numbers that could be
used for transplantation experiments.

To initiate the differentiation of the ES cells, three-dimensional aggregates, the
“embryoid bodies”, are formed by cultivation of the ES cell suspension on a non-
adherent dish under continuous agitation or by cultivation in hanging drops. Apply-
ing the hanging drop technique the cell suspension is dispensed in drops of 20 .1,
containing around 400 mES cells/drop, onto the lid of a non-adherent bacteriolo-
gical plastic dish and placed upside down to collect the cells in the tip of the drop.
During a 2-days incubation the mES cells form ball shaped aggregates, the embry-
oid bodies (EBs) and differentiation is initiated. After two days, the hanging drop
EBs are collected and further incubated in cell culture medium, containing fetal
calf serum, at a concentration of 200 to 1000 EBs per 10 cm dish. Within an EB
all three germlayers are formed during this differentiation process and many differ-
ent types of cells are developing including skeletal and cardiac myocytes, smooth
muscle cells, neurons, hepatocytes, endothelial cells, chondrocytes, hematopoietic
precursors, keratinocytes, osteoblasts and fibroblasts. After eight to nine days of
differentiation, mEBs start contracting rhythmically indicating the appearance of
cardiomyocytes. These cardiomyocytes are not suitable for tissue engineering or
transplantation purposes since they still contain some undifferentiated stem cells
that possess a high tumorigenic potential in vivo. Since there is no specific surface
epitope known, that is specifically expressed on cardiomyocytes, antibody-based
enrichment strategies like magnetic cell sorting (MACS) cannot be applied. As an
alternative lineage selection strategies have been applied. Zandstra and colleagues
described a transgene that consists of the o-cardiac myosin heavy chain promoter
driving the expression of the aminoglycoside phosphotransferase (neomycin resis-
tance) gene (Zandstra et al. 2003). The transgenic ES cells can be differentiated and
cardiomyocytes are highly enriched by application of the antibiotic agent geneticin.
Another method to label and purify mES-derived cardiomyocytes was developed
by Eugen Kolossov (Kolossov et al. 2006). He decided to use the cardiomyocyte-
specific alpha-cardiac myosin heavy chain promoter to control the expression of en-
hanced green fluorescent protein (eGFP) and puromycin acetyl transferase (PAC).
The selection transgene contains a bicistronic expression cassette: The eGFP and
PAC genes are coupled via an internal ribosome entry site (IRES) that allows the
expression of both transgenes from a single messenger RNA. The eGFP enables
monitoring of the upcoming cardiomyocytes in the embryoid body due to its bright
green fluorescence and it indicates the time point when selection can start. The
PAC gene contributes a resistance against the strong antibiotic puromycin. After
one week of selection only cardiomyocytes have survived the puromycin treatment
(Fig. 7.2). At this time point the cardiomyocytes form vigorously beating clusters
of bright green fluorescent cells reaching beating frequencies of several hundred
contractions per minute like they would do in a native murine heart. Even though
a purity of 99% could be shown after antibiotic selection (Zandstra et al. 2003;
Kolossov et al. 2006), and Oct-4 as a marker for undifferentiated cells is not de-
tected after puromycin-selection for 10 days there is still a risk of contaminating
undifferentiated cells. Since ES cells are not limited in there proliferation capacity
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Fig. 7.2 Puromycin selected cardiomyocytes from murine embryonic bodies. The cardiomyocytes
express transgenes for enhanced green fluorescent protein and puromycin-acetyltransferase. After
selection all non-cardiomyocytes have been killed and disappeared from the spheroid. A compact
cluster of beating and green fluorescent cells remains

a single surviving cell can expand rapidly if the selection pressure is taken away, by
use of the purified cells for transplantation or in vitro tissue engineering. The con-
sequence for a patient treated with ES cell derived cells could be the development
of terratomas originating from impurities in the cell preparation. Therefore safety
is a major aspect when cells derived from embryonic stem cells are considered for
tissue engineering. A second barrier for a therapeutical use of ES derived somatic
cells might arise from immunological intolerance. Early differentiation stages of ES
cell derived cells and ES cells themselves are not eliminated by the immune system
when transplanted in an allogeneic animal. The most likely explanation namely the
absence of major histocompatibility complex molecules (MHC) on the cell surface
turned out to be not true. Although the expression of MHC class I on mES cells is
below the detection threshold for flow cytometry the transcripts could be identified
by RT-PCR and ES cells that were transfected with the lymphocytic choriomenin-
gitis virus (LCMYV) are recognized by virus-specific CD8" cytotoxic lymphocytes
(CTLs) (Abdullah et al. 2006). Even though recognized by the lymphocytes the
LCMV infected ES cells are not lysed. The reason for this immune privilege was
found in the expression of serin-protease-inhibitor 6 (SPI-6) in mES cells and their
derivatives, making these cells tolerant against granzyme B attack by cytotoxic lym-
phocytes. It could be estimated that the mES cells and cells from embryoid bodies
are expressing SPI-6 in levels comparable to CTLs, which have to protect them-
selves against the toxic effects of the granzyme B they secret. Knockdown of the
SPI-6 transcript by RNA interference abolished protection of ES cells against CTL-
mediated lysis. How tolerance against immune attack is altered in mature ES cell
derived cells is unknown and the use of cells that are not recognized as foreign tis-
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sue would be preferable. In the light of safety and tumorigenic potential cells that
can evade the surveillance by the immune system are truly problematical. Permanent
knock-down of genes like the SPI-6 and safety mechanisms may tackle this task.

7.4 Therapeutical Cloning of Embryonic Stem Cells

Generation of ES cells that are identical with the patient to be treated is still only
a theoretical possibility. Since cloning of ES cells by nuclear transfer from a somatic
cell to an oocyte is of very low efficiency and the generation of an embryo to derive
ES cells is for ethical reasons no option for human applications alternative ways
to generate cloned ES cells have to be found. For applications apart from usage to
generate cloned human ES cells cloning has become reality. In 2003 Cesare Galli
(Galli et al. 2003) was the first to succeed in generation of a cloned horse. Mean-
while the French company Cryozootech offers cloning services for valuable horses.
The first horse to be cloned by Cryozootech was the stallion Calvaro, successful in
jumping events. From 2000 oocytes used for nuclear transfer only 22 embryos could
be generated for the transfer in foster-mares and finally a healthy clone was born.
Others will follow to retain valuable individuals for the breed.

To produce ES cells that are genetically identical with the donor cell it is not
likely that cloning will ever become the method of choice for the following reasons.
First, it will not be ethically accepted to generate human embryos for the extraction
of ES cells. Second, the process is very inefficient and a sufficient number of oocytes
can’t be obtained for large-scale application. Third, the costs of this technique are
extremely high, due to its low efficiency. As a further point it might be argued that
there are known problems concerning preterm aging of cloned animals, but it was
reported that mES cells derived from cloned embryos do not show any abnormalities
pointing to a selection mechanism during the ES cell derivation process (Brambrink
et al. 20006).

It is known for many years that the fusion of an embryonic stem cell with a dif-
ferentiated (somatic) cell can result in the reprogramming of the somatic nucleus
(Tada et al. 1997, 2001). In this context, reprogramming describes a process that
reverts the epigenetic program of the somatic nucleus to a stem cell like state. The
memory of the somatic nucleus, that is mainly fixed as a pattern of DNA methyla-
tion, regulating gene activities, is erased during the reprogramming process. Com-
mon interest in these experiments was initiated by the publication of Cowan and
colleagues (Cowan et al. 2005), demonstrating the reprogramming of human fibro-
blasts by polyethylengycol-mediated fusion with human embryonic stem cells. The
fusion cells are selected by application of a double selection system, based on two
different antibiotic-resistances expressed in the hES cells and the somatic cells. By
this simple double selection approach tetraploid cells can be enriched, carrying the
chromosomes of the ES cell and the somatic cell that is going to be reprogrammed
by factors originating from the ES cell nucleus. The reprogrammed cells recapture
the ability of ES cells with respect to proliferation and differentiation qualities. The
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disadvantage of this technique is the presence of the nucleus from the ES cell that
was fused to the somatic cell to initiate reprogramming. As a consequence the cell
fusion approach is first of all a proof of principle, demonstrating that a somatic cell
can be transformed into an ES cell under appropriate conditions. For therapeutical
applications the reprogrammed fusion cells offers not an alternative since the nuclei
of the fusion partners are fused to one nucleus that is initially containing a tetraploid
chromosome set. Current focus of research is addressing several lines to solve the
problem. One approach is focused on the fusion between ES cells and somatic cells.
It was found that the tetraploid fusion cells can eliminate chromosomes while kept in
culture but this appears to happen randomly. Consequently scientists are investigat-
ing novel techniques to perform directed elimination of chromosomes from a cells
nucleus by application of the Cre/loxP system (Matsumura et al. 2006).

The Cre recombinase is widely used as a DNA modifying enzyme. It can de-
tect 34 basepare consensus sequences the “loxP sites”. Between two loxP sites the
Cre recombinase performs recombination that can result in deletion of a DNA seg-
ment if the loxP sites are placed in line to flank a specific region. If 1oxP sites are
placed in opposite directions the recombination can result in inversion of the flanked
target, but no deletion of the loxP-flanked region occurs (Fig. 7.3). To perform di-
rected chromosome elimination Matsumura and colleagues designed a chromoso-
mal elimination cassette (CEC) that contains an expression vector for green fluores-
cent protein and a puromycin-acetyltransferase driven by the ubiquitous active CAG
Promoter. The expression cassette is flanked by loxP sites that are located in oppo-
site directions. When stable transfection is performed the CEC integrates randomly
in the genome. Matsumura chose two mES clones where the CECs were located
on chromosome 11 respectively chromosome 12. The transfected cells can be se-
lected with puromycin and express GFP. During the cell cycle each chromosome is
replicated and both copies of the DNA strand are attached at the centromer. Before
segregation of the sister chromatids occurs during anaphase of the cell cycle the
CEC is present on both arms of the chromosome. If Cre recombinase appears in the
cells after transient transfection with a Cre expressing plasmid the recombinase can
recombine the CECs on the sister chromatids like it is demonstrated in (Fig. 7.4).
The recombination results in a circular dicentric chromosome and a acentric frag-
ment. Both products are lost during cell cycle, resulting in the loss of the complete
chromosome. The modified cells lose the GFP fluorescence and can be enriched by
fluorescence activated cell sorting as the GFP negative population. Cells that do not
contain duplicated CEC are not altered by the Cre recombinase since the loxP sites
are placed in opposite directions and recombination can only result in inversion, but
not in deletion of the CEC. By this novel technique the deletion of single chromo-
somes and also chromosome pairs could be demonstrated and it might be possible to
adapt it for the deletion of several chromosomes, but still it is not possible to remove
a complete chromosome set.

Coming back to the previous point additional approaches aim to reprogram so-
matic cells by transfection with expression vectors for factors that are believed to
realize reprogramming. Takahashi transfected embryonic and adult fibroblast with
expression vectors for Oct-3/4, Sox2, c-myc and Kfl4. As a result the differentiation
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Fig. 7.3 The Cre recombinase detects the loxP sites, consisting of 34 basepares (upper line). De-
pending on the orientation of two loxP site (triangles) in the genome a recombination occurs: LoxP
sites that are placed in the same direction lead to deletion of the flanked target whereas the flanked
region is only inverted if the loxP site are in opposite direction (since the inversion can take place
for several rounds the result of the recombination is unpredictable in this case)
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Fig. 7.4 Chromosomal deletion by Cre recombinase. The left panel shows a chromosome in S to
G2 phase of the cell cycle. The cell has already replicated the DNA and the sister chromatids of
each chromosome are associated at the centromer. The chromosome elimination cassette (CEC) is
represented by a black bar with triangles for the loxP sites. If Cre recombinase is now introduced in
the cell a recombination between the two chromatids can occur. This results in a circular fragment
and an accentric, linear one. Both products are lost during the cell cycle

pattern of the fibroblasts was abrogated and the resulting cells exhibit ES cell like
properties (Takahashi 2006). To circumvent the disadvantages of cell transfections,
like the possibility of stable vector integration, in the genome and the low transfec-
tion efficiencies faced with many primary cells, cell permeable proteins could be the
solution. The TAT domain from a HIV virus protein was shown to mediate protein
passage through cell membranes. We will elucidate some details about the use of
cell permeable proteins later in this article when cell permeable Cre recombinase is
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introduced. Briefly the cell permeable proteins are expressed as fusions of the target
protein and the TAT domain in bacterial expression systems. The use of cell perme-
able pluripotency factors could simplify the application of these factors for means
of reprogramming. The workgroup of Frank Edenhofer (University of Bonn, Ger-
many) is addressing this option by evaluating cell permeable pluripotency factors
like TAT-Nanog (Edenhofer F, submitted). It is reasonable that future reprogram-
ming can be performed by isolation and treatment of somatic cells with a cock-
tail of cell permeable pluripotency factors resulting in the formation of pluripotent
stem cells.

7.5 Stem Cell Derived Cardiomyocytes

Stem cell derived cardiomyocytes from murine systems can be generated and pu-
rified relatively easily in numbers of several million cells to perform tissue engi-
neering studies and transplantation experiments in murine model systems. The dif-
ferentiation of hES cells appears more challenging today, but it can be expected in
the near future that technologies will emerge enabling a large scale production of
hES cell derived cardiomyocytes as well. ES cell derived cardiomyocytes contract
rhythmically without electrical pacing. Furthermore, applying electrophysiological
studies action potential shapes of pacemaker — as well as atrial — or ventricular-like
cells could be identified. RT-PCR and quantitative real time (qRT)-PCR analysis
have shown that cardiomyogenesis in EBs resembles that of the normal myocardial
development. The earliest cardiac transcription factor NKX2.5 is followed by the
expression of atrial natriuretic factor (ANF), myosin light chain and then «- and
B-myosin heavy chain («-MHC and -MHC). The early ES cell derived cardio-
myocytes are structurally less organised than cardiomyocytes in the neonatal heart.
Sarcomeric a-cardiac actinin is found as a striated pattern when beating cells ap-
pear but striated areas are often not covering the whole cell and have varying spatial
orientations in different regions of the cell. In Fig. 7.5 a stack of optical sections
through a day 9 EB is shown. The EB was fixated and stained with anti cardiac o-
actinin. The striated staining pattern demonstrates the organisation of structural pro-
teins in these very early ES cell derived cardiomyocytes. Figure 7.6 shows a plated,
puromycin purified cardiomyocyte, stained for cardiac «c-actinin.

To analyse the capability of these cells to engraft in vivo, transplantations into
healthy tissue and more important into cryo-damaged hearts have been performed.
For these studies a liquid nitrogen cooled copper stamp is used to induce a cryo-
injury to the ventricular wall, resulting in large areas, depleted of cardiomyocytes
and forming a scar tissue. These cryo-injuries can serve as a model for scar forma-
tion in cardiac infarction allowing to study the following interesting aspects:

e Do the transplanted cells engraft and survive?

e Will they be rejected by the immune system?

* Do they undergo electrical coupling to the surrounding tissue or do they remain
electrical separated?
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Fig. 7.5 Superimposition of optical sections through a day 9 murine embryoid bodies stained for
«-cardiac actinin. The striated patterns indicate a premature orientation of the early cardiomyocytes

Fig. 7.6 Puromycin selected ES cell derived cardiomyocyte. The cell was plated on a glascoverslip
and stained for a-cardiac actinin. The typical striation pattern can be found

* Will the cardiac function improved after the transplantation?
» Will transplanted cells induce arrhythmias?

Till now many studies have addressed different aspects of ES cell derived cardiomy-
ocytes. Most of them with murine cells, but also some data for hES cell derived
cardiomyocytes have been collected. It has turned out that the stem cell derived car-
diomyocytes indeed are able to engraft in the cryo-damaged tissue but the number
of surviving cells is rather low. A beneficial effect for cardiac function has been
shown, demonstrated by an improved left ventricular ejection fraction and reduced
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enddiastolic volume (Kolossov et al. 2006) but it is not clear which components give
rise to the improvement. Beside active mechanical contribution of transplanted car-
diomyocytes passive effects like enhanced elasticity and reduced wall thinning of
the cryo-injured ventricle as well as paracrine effects have to be considered (Gnec-
chi et al. 2005, 2006).

One very important aspect of the transplantation of contractile cells is their elec-
trical coupling to the surrounding cells. ES derived cardiomyocytes represent a rela-
tively early developmental stage, they are self contracting and they differ in their
electrophysiological properties from adult cells. Especially if the cells are not dense
and equal distributed after transplantation into the infarct zone they may have limit-
ed contact to the surrounding tissue and might be unable to form connexin 43 junc-
tions permitting exaltation spreading. The lack of sufficient contact via gap junctions
will probably lead to exaltation-contraction uncoupling in the transplanted heart be-
cause the transplanted cells will execute spontaneous self-contractions if coupling
to the surrounding myocard is not adequate. An insufficient coupling might be un-
detected at lower heart frequencies but leads to uncoupling during phases of in-
creased heart frequency. As a consequence electrophysiological parameters like im-
puls propagation, excitation-contraction coupling, action potential maturation and
also the response to drugs and hormones have to be analysed in detail. The risk of
transplanting cells that do not couple to the surrounding myocard has become ob-
vious in early studies with skeletal myoblasts that were performed as clinical trials.
Even though some improvements in function could be reported the transplantation
of myoblasts from satellite cells resulted in ventricular tachycardia or cardiac dead
in 10 out of 22 patients included in the first studies (Menasche et al. 2003; Smith
et al. 2003).

7.6 Cardiac Tissue Slices

Several of these parameters can be addressed by a very sophisticated in vitro trans-
plantation model that has been recently developed using the preparation of viable
heart slice cultures (Pillekamp et al. 2005; Halbach et al. 2006). Some time after
transplantation the heart is isolated and embedded directly into low melt agarose
to encapsulate the whole organ in agarose without warming. Using a vibratome the
agarose embedded tissue can be sliced into slices of 150 —300 pm and be cultured in
vitro. Due to the low thickness oxygen and nutrients can diffuse (penetrate) through
enabling the cardiac slice preparations to stay viable and contractile for several days
(depending on the age of the donor heart) for further downstream applications. Mul-
tielectrode arrays (MEAs) with 8 x 8 electrodes, and an electrode distance of 200 um
(Multi Channel Systems, Reutlingen, Germany), Fig. 7.7 are used to asses field po-
tentials of the slices and to generate maps characterizing the excitation spread based
on the temporal delay between field potentials ablated from electrodes at the origin
of an exaltation and more distal electrodes of the MEA.

Very recently, to assess the properties of transplanted cells the slicing technique
to achieve viable tissue slices for electrophysiological measurements on single cells
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Fig. 7.7 Multi-electrode array (MEA) for the detection of field potentials. These arrays are used
for example to address exaltation spread in heart slice preparations and plated clusters of cells.
(With permission of Multi Channel Systems, Reutlingen, Germany)

inside a functional tissue has been applied (Halbach et al., submitted). Since the
slices are relatively thin, it is possible to locate green fluorescent, transplanted cells
inside the slice on an inverted fluorescence microscope (Fig 7.8). With a sharp elec-
trode setup a thin glas electrode is introduced into an individual cell and action
potential traces are recorded. By this technique it is possible to measure electro-
physiological capabilities in one single transplanted cell (Halbach et al., submitted).
Further additional fascinating possibilities are: The slices can be paced by a defined
stimulus to beat at a chosen frequency — and it is possible to analyse how the trans-
planted cells are responding by the sharp electrodes. By this approach questions
can be answered whether the transplanted cells can take over the rhythm of the sur-
rounding tissue or whether they are able to held pace when contraction frequency is
rising. This approach enables a detailed insight into the electrical coupling after cell

Fig. 7.8 Cardiac slice preparation. The left panel shows a transmission light image of a murine
adult heart slice. Green fluorescent cells that had been transplanted to the heart earlier can be
detected under fluorescent light (right panel). Foto: Marcel Halbach
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transplantation. Coupling of the beating cells is one of the most important hallmarks
of successful restoration of cardiac tissue. Apart from the analysis of transplanted
hearts, with respect to electrical coupling and maturation of the transplanted cells,
the slicing technique enables scientist to derive functional heart tissue slices and
also cardiac matrix for in vitro studies. The latter are prepared by a controlled oxy-
gen withdrawal applied to the slice preparation. This results in an elimination of
contractile cells from the matrix. These matrices are ideal to analyse mechanisms of
cell integration in vitro since they can serve as a perfect model for a native cardiac
matrix since it is prepared from the heart itself (Pillekamp et al. 2007).

Indeed, the most prominent feature of a transplanted stem cell derived cardio-
myocyte is their ability to contract and to build up force. Based on de-cellularized,
non-contractile cardiac slices it is possible to directly measure the force that can
be generated by stem cell derived cardiomyocytes when these cells are cultivated
on the slice matrix. Since the heart is having two ventricles every ventricular heart
slice preparation is bearing two holes. Frank Pillekamp has build up a setup where
the slice can be placed on two thin steel needles each going through one whole of
the preparation. One needle is fixed, the second one is attached to a sensitive force
transducer. Keeping the slice in a bath of tempered medium the contraction force of
the slice or of stem cell derived cardiomyocytes, seeded on a de-cellularized slice,
can be directly measured. The system is equipped with an electrical stimulation
device to pace the preparation with a defined frequency to assay the response of the
contractile cells on different beating frequencies.

7.7 Bioartificial Heart Tissue Based on Biomaterials

Transplantation of cells is one way of addressing tissue repair. But is it possible to
build up tissues in vitro? Indeed, today’s biotechnology is far away from the possibil-
ity to create a whole organ by tissue engineering techniques. But thinking of future
technology one might speculate that generation of small bioartifical components be-
comes reality. Today, scientists are generating neurons growing on semiconductor
chips to evaluate possible interactions, creating interfaces between living cells and
electronic components. But will it be possible to build up a pump just from cells and
proteins? Maybe an in vitro construction of the heart is far away from our reach, but
a simple pump consisting of a contractile tube with valves to direct liquid flow might
be reality soon (Kubo et al. 2007). Living organs have some great properties: Some
can regenerate themselves, by cell proliferation and replacement of damaged cells.
Remarkable, some organs are able to serve their specific function for more than
150 years without interruption — just thinking of a turtles heart. Even though it is
only speculation one of the most fascinating aspects of cardiac tissue engineering,
beyond clinical applications, is the fascination of creating contractile modules just
from custom made proteins or scaffolds and embryonic stem cell derived cells that
might give rise to bioartificial components like pumps and force producing units
one day.
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7.8 Scaffolds for Cardiac Tissue Engineering

When in vitro cardiac tissue engineering is discussed, the optimal cell composition
and the appropriate matrix have to be considered. With respect to the matrix, there
are two different strategies: The cells can be cultivated on protein or polymer matri-
ces or they can be entrapped in gels.

Gels have one great advantage above other matrices: The seeding of the cells
is relatively easy since the cells can be equally distributed in the gel by resus-
pending them before the gel is cast. Collagen I polymerises rapidly in non-acidic
solutions at 37 °C and forms gels and by the use of molding forms it is possible
to determine the gels shape. Major effort on the field of collagen gel based tis-
sue engineering was performed by the workgroups of Wolfram-Hubertus Zimmer-
mann and Thomas Eschenhagen. They developed a so-called engineered heart tissue
(EHT) from neonatal rat heart cell preparations. The cells are dissociated and a gel
composed of collagen I and matrigel (extracellular matrix from Engelbreth—Holm—
Swarm tumor) is formed. Ring shaped collagen gels are cast and cultured in vitro.
The cells within the gel keep contracting and organization and maturing of the em-
bedded cells can be achieved by stretching the collagen rings rhythmically. The EHT
can survive in culture for several weeks without loosing its contractile abilities and
it could be found to survive likewise in vivo. The ring shaped gel can be used to
measure contraction forces and it could be shown with this model, that controlled
mechanical stimulation, by rhythmical stretching of the gel, results in an ultrastruc-
tural maturation of the cells, pointing to the assumption that mechanical stimulation
is one parameter involved in cardiomyocyte maturation (Fink et al. 2000).

Transplantation experiments with EHTs showed strong vascularisation and signs
of terminal differentiated grafts (Zimmermann et al. 2002). Most interesting the
EHTs can be stacked to larger structures and they are able to fuse and to synchro-
nize their beating frequencies within seven days of culture. To generate a contrac-
tile patch to be used for an in vivo experiment five ring shaped gels were stacked
crosswise on a custom made holding devices and cultured for fusion to generate
a single EHT. The multiloop EHTs were transplanted to rats with large myocardial
infarcts, generated by left descending coronary artery ligation 14 days prior to the
EHT transfer. Non-myocyte and formaldehyde fixed grafts were used as controls.
An analysis of the transplanted animals was performed 4 week following grafting.
At this time point the grafts could be clearly distinguished from the native tissue due
to their pale colour, indicating a high content of connective tissue and a relative low
density of contractile cells compared to native tissue. Structural analysis revealed
the formation of compact and well-differentiated cardiac muscle fibres covering the
infarcted myocardium and the formation of blood vessels in the EHT. In addition,
evidence for an electrical coupling between the EHT and the recipient heart could
be found. Most interestingly functional measurements based on echocardiography,
catheterization and magnetic resonance imaging demonstrate an improvement to the
diastolic and systolic function in EHT treated hearts (Zimmermann et al. 2006).

As an alternative to protein-gel based approached solid matrices can be used for
tissue engineering. These matrices are consisting of proteins that are involved in
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the formation of the extracellular matrix or of customized biopolymers like Poly-L-
lactic Acid. To serve as an appropriate skeleton for the use in cardiac engineering,
the matrix needs to be elastic but not stiff like materials that are used for exam-
ple for bone engineering. Collagen type I is a frequently used matrix component
in tissue engineering approaches. It can be engineered to form porous sponges by
freeze drying procedures. During this process a solution of collagen is frozen with
a defined temperature gradient and vacuum dried. The resulting pores are around
50 wm in diameter depending on the cooling gradient. Tremendous efforts of com-
panies such as matricel (Aachen, Germany (www.matricel.de)) resulted in the op-
timization of this process and in the production of the collagen sponges with high
quality and reproducibility. The collagen sponges for basic research are usually fab-
ricated from collagen of animal sources but the technologies to utilize pure human
proteins have already evolved: Companies such as FibroGen (San Francisco, USA
(www.fibrogen.com)) have established the large scale production of recombinant
human collagens in yeast expression systems. These human collagens are largely
used for a broad spectrum of applications like tissue engineering, dermal augmenta-
tion in plastic surgery, wound healing and as haemostats to control wound bleeding.

Recently, we used freezed dryed collagen type I sponges from Matricel inc. and
seed mES cell derived cardiomyocytes onto this 3D-scaffold. While trying different
seeding techniques it turned out to be very challenging to achieve equal distribution
and dense cell attachments. Purified cardiomyocytes from mES cells are difficult in
attachment and the adhesion on a cell culture surface can take several hours. To seed
the cells a dense cell suspension can be used and agitated with the matrix free float-
ing in the suspension. By this technique a homogenous distribution of the cells on
the surface can be expected, but high numbers of cells are needed. Another option is
to build a funnel that concentrates the cells or cell clusters by sedimentation on the
matrix. To seed ES derived cardiomyocytes on the collagen sponge the cell suspen-
sion was concentrated to a very high cell number of around 200,000 cells per 20 1
total volume. The suspension is directly placed within a single drop of medium onto
the sponge and incubated for cell attachment. Anyway due to the slow adhesion ki-
netics many cells are washed out when more culture medium is added to the prepara-
tion. In Fig. 7.9 a collagen sponge is shown. The photograph was taken one day after
seeding with green fluorescent cardiomyocytes that were used as clusters of cells for
this experiment. For the evaluation of the seeding procedure the use of these GFP
labelled cardiomyocytes turned out to be essential for monitoring cell adhesion.
Without any staining it is possible to observe the morphology of seeded cells in the
upper layers of the construct. Due to the strong GFP fluorescence, the shape of the
cells is visible on an inverted fluorescence microscope. Round shaped morphologies
point to non-satisfying attachment whereas elongated cells can be taken as properly
attached and the contraction of the cells as well as the contraction of the surrounding
matrix material is visible. At day four of seeding we could observe contractions of
the whole collagen sponge. When fixed and assayed for sarcomeric a-cardiac actinin
we found a very organized striation pattern of the seeded cells indicating a mature
phenotype and more interestingly it could be observed that large numbers of ES de-
rived cardiomyocytes cluster together to form fibre like contractile structures with
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parallel orientated cells (Fig. 7.10). On the other hand the cells have no tendency to
migrate into deeper regions of the sponge but are concentrated on the surface.

In vivo most tissues are infiltrated by a dense network of capillaries. Those are
maintaining a sufficient oxygen pressure and nutrient supply to the cells. On the
other hand the blood flow takes up metabolic residues like CO; and maintains phys-
iological pH values. Tissues with high metabolic turnover like the heart have dense
capillary networks. In rats the distance between single capillaries in the epicardium
is below 20 pum, resulting in a density of 2800-3200 capillaries per square mm tis-

Fig. 7.9 Puromycin selected ES cell derived cardiomyocytes were seeded as clusters on a artifi-
cial collagen matrix. The image was taken one day after seeding, indicating that cells show loose
attachment

Fig. 7.10 ES cell derived cardiomyocytes seeded on an artificial collagen scaffold. One week after
seeding the cells have formed fibre like structures with parallel orientation
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sue (Korecky et al. 1982). In an in vitro engineered tissue it is until now not possible
to mimic the circulation system that maintains supply of tissue in vivo. Therefore
medium exchange can take place only through pores of the matrix material strongly
limiting the size of the engineered tissue. This phenomenon is less problematic when
tissues such as cartilage are considered that have low oxygen consumptions but it
limits the construction of tissue with high metabolic rates such as the heart muscle.
Practically, the impaired tissue supply results in cell densities per volume of engi-
neered heart tissue that are quite low compared to native heart. For cells that have
a high capacitance of proliferation this might be overcome by in vivo vascularisa-
tion. In several studies, a vascularisation of transplanted engineered tissues could be
found. By in vivo vascularisation seeded cells might be expanded to achieve higher
cell densities. Since expansion of the cardiomyocytes is not expected this option is
less helpful in cardiac tissue engineering. Trabecularization, seen in the engineered
heart tissue (EHT) described by Zimmermann and Eschenhagen, can resolve this
problem partially. In the EHT the myocyte strands form a loose network of fibres
that are usually 30— 50 pm (sometimes up to 100 um) in diameter permitting liquid
transition between the fibres but limiting the density of the contractile cells and
therefore the force developed.

7.9 The Ideal Cell

The idea of tissue engineering is to build up a tissue from its components includ-
ing in particular the appropriate cells. Because the heart wall is based on cardio-
myocytes and fibroblasts it seems to be obvious to use those cells for regeneration
processes. When ES cells are differentiated in embryoid bodies they recapitulate
processes of early embryonic development. Before cardiomyocytes appear around
day 8 in murine embryoid bodies progenitor cells are developed. In contrast to the
undifferentiated embryonic stem cells that have the capability to develop any so-
matic cell type, progenitor cell populations are restricted to differentiate in to some
tissue specific cell lines. More recently many research projects are focused on such
progenitor cells. In this regard, several progenitor cell lines have been identified.
For example the brachyury-progenitor cells that are characterized by the expression
of the t-box transcription factor brachyury. Expression of brachyury starts at day 2
of differentiation of mES and peaks at day four or five depending on the ES cell
strain and culture conditions. Within 2 days a strong expression of brachyury can
be observed declining rapidly to very low levels, indicating the short lifetime of the
progenitor cells that undergo further differentiation processes. Since the first meso-
dermal cells are characterised by brachyury these progenitors display a rather large
plasticity and are potentially able to differentiate into all mesodermal lineages and
give rise also to endodermal lineages (Kubo et al. 2004).

A more restricted progenitor cell population is characterized by the expression
of the LIM homeodomain transcription factor Isll (islet 1). In the murine embryo,
Isl1 marks a subset of undifferentiated cardiac progenitor cells, originating from the
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secondary heart field, substantially contributing to the developing heart. It could be
demonstrated that the Isll progenitor cells hold the potential to differentiate into
cardiomyocytes as well as into endothelial cells and smooth muscle. With respect to
cardiac tissue engineering a cell type that is able to proliferate and to differentiate
into cardiomyocytes as well as into cells that build vessels and capillaries might be
an ideal candidate for future experiments. Beside the advantages of embryonic stem
cell based technologies Isl1 progenitor cells can also be found in neonatal hearts of
rodents and potentially also of human hearts. By lineage tracing experiments in rats
it was found that 30—40% of the myocardium is build from Isll progenitor cells,
but the number of progenitors decreases dramatically during the embryonic devel-
opment and shortly after birth the heart of a rat contains around 500-600 remaining
Isl1 positive cells (Laugwitz et al. 2005). These cells are potentially remnants of
the fetal Isl1 population that have the capability to re-enter cell cycle when isolated
and to differentiate into myocytes when dissociated and cultured in the presence of
differentiated myocytes. Anyway, before Isll cells from human donors can be con-
sidered as a source for tissue repair, it has to be evaluated if there are still Isl1 cells
present in adult heart tissue and if these cells can be isolated and expanded largely
in vitro. However, Isl1 cells from embryoid bodies represent interesting candidates
for heart tissue engineering.

7.10 Preparation of Cells for In-Vitro Tissue Engineering:
Cell Permeable Cre/loxP System

Cells that are used for tissue engineering are often modified genetically for dif-
ferent reason. Embryonic stem cell derived cells might carry vector constructs for
lineage selection to serve the requirements in cells purity. Cells that are derived
from adult stem cells or from primary cell cultures can be expanded by the ex-
pression of telomerase or viral proteins that enable them to overcome limitations in
cell cycling capacities. These transgenes are usually undesired to be present in cells
for therapeutical application since they might cause immunological intolerance or
might bear safety risks. To overcome these limitations strategies must be developed
to allow efficient removal of the transgenes prior to transplantation. To address this
task transgenes can be flanked by loxP sites. This strategy can facilitate the excision
of the transgene in terminally selected cells that are ready for cell transplantation or
in vitro tissue engineering, by application of the Cre recombinase. The recombined
cells can be enriched subsequently if the loxP flanked transgenes that have to be
removed, are in alliance with a negative selection marker. The classic negative se-
lection marker is thymidine kinase (TK) — if the loxP-flanked region contains a TK
expression cassette, cells that are not recombined are eliminated upon addition of
ganciclovir, which is converted to a toxic ametabolite by the TK. If several trans-
genes are located in the genome of the cell the use of modified lox sites is possible.
Modified lox sites like loxA or loxB sites have altered nucleotide compositions of
the lox site but they are still identified and recombined by the Cre recombinase.
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The advantage is that a lox site is only recombined with its counterpart: loxA site
only with loxA site and loxP site only with loxP site. The use of different lox sites
for different transgenes has the advantage that no undesired recombination between
different loci can occur and only the target is eliminated.

For more sophisticated tasks like the deletion of two transgenes at different time
points the use of a second (or third) recombinase system might be necessary. A com-
mon system except Cre/loxP is the FLP/FRT system. The Flip recombinase can
perform recombination similar to Cre but between different recognition sites, the
FRT-sites.

How can Cre recombinase be entered into the cell? Some types of cells are easily
transfected with a Cre-expressing vector resulting in the deletion of the target. How-
ever, several cell types such as cardiomyocytes can be transfected only with a poor
efficiency. This is not acceptable for the valuable cell preparations, since most un-
transfected cells will not eliminate the target and will be killed by the negative selec-
tion step. For a growing number of primary cells the bottleneck of very low transfec-
tion efficiencies is optimised by an electroporation method developed by the amaxa
company. Amaxa is developing buffer compositions and electroporation protocols
that are specially tailored for individual cell types, yielding high transfection effi-
ciencies. However, transfection reagents and buffers can be used only for a limited
number of cells and therefore are LESS cost effective. Also toxicity effects of the
reagents cannot be excluded.

As an alternative to the transfection with Cre-expressing plasmids the Cre re-
combinase might be used as a cell permeable protein in a less invasive way. When
designed as a fusion between the TAT domain, that was identified from a transcrip-
tion transactivator of the HIV virus, and the Cre recombinase a protein is formed that
can enter cells from the culture medium. A nuclear localisation sequence (NLS) is
further added to enhance the power of the recombinase and a hexamer of histidine
residues (Hise) serves as a tag for the purification of the recombinant protein.

By an easy and standardised procedure the Hisg-TAT-NLS-Cre (HTNC) protein
is expressed in E. coli bacteria with a yield of up to 40 mg recombinant protein per
litre of culture volume in a simple flask culture. The bacteria are lysed by sonifi-
cation and enzymatic (lysozyme) digestion and a cleared lysate is prepared by cen-
trifugation. The lysate is incubated with agarose beads that are coated with complex
bound nickel or cobald ions. These beads are commercially available from several
companies. The histidine tagged protein bind to the nickel coated beads. Binding is
antagonized by addition of imidazole that is structurally similar to histidine. By the
addition of imidazole unspecific binding can be prevented and rising concentrations
of imidazole in the buffers are used to wash the beads after collection in a column
and to elute the purified protein. By this process the HTNC protein can be obtained
in quantities of up to 100 mg with standard laboratory equipment. After dialysing
against cell culture medium or appropriate protein storage buffers the HTNC can be
frozen in aliquots for long time storage (Peitz et al. 2002).

To apply the cell permeable Cre the cells are incubated with serum free media
in monolayer or dissociated and plated with HTNC to achieve optimal recombina-
tion efficiencies. For fibroblasts and mES cells a recombination efficiency of up to
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Fig. 7.11 Design of the Cre reporter vector. The ubiquitous CAG promoter drives the expression
of red fluorescent protein (RFP). The RFP coding sequence is flanked by loxP sites depicted by
triangles. When Cre recombination occurs the RFP sequence is eliminated and the expression of
enhanced green fluorescent protein (eGFP) is enabled

Fig. 7.12 HEK293 cells were stable transfected with the Cre reporter vector (Fig. 7.11). Without
Cre activity the cells express exclusively RFP (left panel). By the application of rising concentra-
tions of cell permeable Cre (HTNC - increasing concentrations from /left to right) in an overnight
incubation experiment the GFP expression is turned on in different numbers of cells

96% could be shown (Peitz et al. 2002). To assay the quality of the HTNC pro-
tein we have designed a double fluorescent HEK293 reporter cell line. The reporter
cells contain an expression cassette for red fluorescent protein (RFP) where the RFP
coding sequence is flanked by loxP sites and followed by GFP (Fig. 7.11). In the
unrecombined state the cells are brightly red fluorescent but do not show green
fluorescence. Upon recombination, as a result of addition of cell-permeable HTNC
protein, the RFP coding sequence is excised allowing the expression of GFP. For
the assay shown in Fig. 7.12 the Cre reporter cells were treated with different con-
centrations of HTNC overnight. As a result an increasing fraction of the cells has
underwent recombination of the reporter vector with an efficiency near to 100% at
higher concentrations of HTNC. Taken together the use of cell permeable Cre has
several advantages compared to transfection:

* Easy to produce in large amounts and therefore cost effective;

* Purification of the HTNC protein can be performed with standard laboratory
equipment;

e No unknown components;

* No introduction of plasmids that might integrate into the genome with undesired
effects;

» Perfect transient action of the Cre recombinase for the lifetime of the protein;

* Very high recombination efficiencies in different cell types.

7.11 Outlook

ES cell derived cardiomyocytes are promising candidates for cell therapy of se-
vere heart diseases. Scientists are now focussed on strategies implicating conversion
of a somatic cell to an ES cell like cell with multipotent or pluripotent potential.
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Cell permeable pluripotency factors or sophisticated fusion procedures, transfec-
tions with genes coding for stem cell factors, or novel tools may resolve the limi-
tations currently existing. Based on these technologies it might become possible to
create custom made cells with perfectly matching immunological patterns for each
individual patient. Future applications of cardiac tissue engineering might be based
on the transplantation of different cell types, including progentior cells, to the site
of tissue damage rather than in vitro generation of contractile tissue that might be
transplanted. Transplanted cells are able to engraft into the given tissue structures
requiring less invasive operation procedure than tissue exchange. However, the lack
of vascularisation remains a challenge for in vitro tissue engineering.
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Abstract Though transplantation of cells, tissue or organ has been regarded as an
ideal approach, scarcity of donor is a practical barrier in clinics. Current progresses
in cell engineering has opened a new era, providing tools for host-regeneration by
implanting manipulated cells in forms of cell therapy, which includes delivery of
single cells or multicellular structural support of hybridized cells, as a represen-
tative individualized treatment method. This chapter mainly concerns on the cell-
based implant made of cells and collagen, the main structural protein in extracellu-
lar matrix in mammalian tissue, as it has been regarded as a promising method for
manufacturing a biologically mimicked artificial tissues.

8.1 Regenerative Medicine

Regenerative medicine is to repair, replace and/or modify the disordered or damaged
human body, either from a disease and/or an injury, via functional regeneration of
the host cells, tissues and organs by placing appropriate cells of optimal quantity
into the damaged body and maintaining the cellular functions that provide expected
efficacy. Outcome of the regenerative medical treatment completely depends on the
viability of delivered cells.

Embedding and planting, referred to as implantation, of devices made of biocom-
patible materials has been widely applied. Metals, ceramics, synthetic and natural
polymers are the fundamental biomaterials that are convenient for processing and
fabricating into various forms of tissue supporting structures. However, lack of their
biological function is too far from the ideal goal for treatment.

From this perspective, transplantation which involves transferring procured cells,
tissue or organ from a donor and planting into a recipient to replace the damaged
lesion has been regarded as an ideal approach that provides biological restoration
with recovery of physiological functions.

Nevertheless, the opportunity for selection of the completely perfect donor for
a patient is critically limited in practice. The gene-homogeneity between the donor
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and recipient, mainly in human leukocyte antigen (HLA) types, is the first factor
to avoid any post-operative complication oriented from the immune responses. Al-
though autologous tissue is the most appropriate if damage or defect is not related
to immune disease, applicable size and volume of donor site are extremely lim-
ited. Allogeneic tissue has been the second choice for transplantation since sev-
eral immune-suppressive agents have been introduced, but these agents also lead
to other immune-depressed diseases by breaking the natural immune homeostasis.
Xenogeneic tissue and organ transplantation have been suggested by a number of
researchers but longevity difference between human and donor animal is a great
barrier that cannot be overcome at present.

An approach to treat gene-defect oriented congenital disease by delivering cor-
rect genes directly to a patient, known as gene therapy, has been introduced as an
individualized treatment tool. Selected genes hybridized with a carrier vector are in-
jected into a patient, and the vector may infect patient’s cells and leave the selected
genes within patient’s cells. Then, the delivered genes may express its genetic char-
acteristics necessary to cure the disease. However, the gene therapy bears several
problems: (1) there is no perfect method to deliver genes into appropriate cells, (2)
efficiency of gene expression varies, and (3) the gene delivering viral vector may
induce unpredictable and unknown complications in body.

Another individualize treatment tool called cell therapy is planting therapeutic
cells. Instead of transplanting tissue or organ, therapeutic cells are delivered in forms
of either transplantation of natural cells or implantation of artificially manipulated
cells. In addition, resource of applicable tissues from which therapeutic cells could
be prepared is expanded. Conventional transplantation mainly consists of matured
tissue or organ, but it is now possible to obtain therapeutic cells from any tissue at
any growth stage, including embryonic blastocyst. Through in vitro gene modifica-
tion of cells, it is possible to select only the cells which possess appropriate genes
for treatment purposes from outside of the human body.

Theoretically, in case of autologous cell therapy, patient’s cells are harvested
through autopsy or procurement, and the treatment gene for correction is transfected
into the cells. After culture, only the completely gene-transfected, healthy cells are
collected, and the selected cells are further cultured to obtain abundant number of
cells to deliver in forms of cell suspension for injection. As the whole procedure
is performed in vitro environment, only perfectly modified therapeutic cells are se-
lected. In case of allogeneic cell therapy, donor’s HLA could be also replaced by the
recipient’s to escape from the post-operative immune rejection. Furthermore, risk
of inducing uncontrollable oncogenesis oriented from the mutated cells is avoidable
during the cell selecting procedure in vitro [1].

8.2 The Cell-Based Implants

To deliver the selected cells into the selected site in recipient’s body, it is neces-
sary to fabricate cell delivery vehicle with biomaterials that supply agents to main-
tain cell-viability and act as probes for piloting cells toward appropriate site. The
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Fig. 8.1 Cell Preparation for Implantation

cell-based implant is defined as any implant in combination of cells and biomate-
rials which are intended to repair, modify and/or regenerate human body, through
expected regulation and control of cellular functions and/or behaviors after implan-
tation. The cell-based implant consists of artificially manipulated therapeutic cells
hybridized with biomaterials in vitro. For cell therapy, each cell is individually hy-
bridized with biomaterials, but in forms of tissue engineered implants, cells are hy-
bridized with scaffold-biomaterials that act as structural support in the same way as
the extracellular matrix in tissue does [2] (Fig. 8.1).

8.3 Requirements of Materials for the Cell-Based Implants

Substances applied to control biological events of cells may have biological risks. In
manipulating cells, various kinds of substances functioning chemically at molecu-
lar level are used in cell-modifying procedures. Biological agents, such as enzymes
in the nucleic acid recombination procedure, cytokines in cell differentiation and
proliferation control, and peptides in cell culture media, are regarded as biologic
substances, and they must not produce any biological hazard during the manipula-
tion procedures.

In gene modification process, to avoid adverse reactions oriented from viral vec-
tors, such as retrovirus, adenovirus and adeno-associate virus, non-viral vectors are
designed to avoid biological risks and to manipulate easily. Capability of non-viral
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vectors is mainly dependent on endocytosis mechanism, but the extent of develop-
ment in an artificial vector that provides efficient endosomal escape to deliver the
gene finally into nucleus is still questionable at present.

Biocompatibility is the primary requirement for any material used in manufac-
turing implant. In the cell-based implants, the material hybridized with cells shall
either biologically or mechanically be compatible with the neighboring cells at the
delivered site. For cell therapy, each cell would be hybridized with nano-sized par-
ticles that have specific affinity to the treatment target site and self-driving ability.
Particles shall be dissociated from the delivered cell after landing at the site and
be completely excreted without accumulation in the recipient’s body and any side
effect. Size of a tissue cell is about 10 x 107> m (= 10 jm), a virus is 10 x 107" m
(= 100 nm), diameter of a DNA is 10 x 108 m (= 10 nm), diameter of a hydrogen
atom is 10 x 10~ m (= 1 nm), and hybridizing substances are smaller than a pm.
However, there is no accurate tool to detect these extremely small, nano-scale parti-
cles that exist in living body for safety evaluation of a substance at present.

The cell-fabricating operator might be exposed to the substances during the
whole manipulating procedure, and further investigation is necessary to avoid haz-
ards. Otherwise, currently introduced biomaterials for cell encapsulation are de-
signed to protect therapeutic cells from immune rejection while providing the ex-
cretion of biologics from the cell, and mostly to manufacture macromolecules with
less difficulty to characterize [3].

8.4 Biomaterials in the Cell-Hybridization

In producing multicellular structural cell-based implants, so called tissue engineered
implants, various biomaterials of either synthetic or natural substance are applied.
Basically, conventionally available biomaterials can also be adopted as long as the
permanent biocompatibility is approved.

Synthetic polymeric biomaterials are the representatives, and can be non-bio-
degradable or biodegradable after implantation. Non-biodegradable materials are
usually intended for use in cell therapy where cell-encapsulation is required to pro-
vide and maintain optimal cellular function (e. g., alginate, liposome, etc.) by pro-
tecting the cells from host immune reaction, and/or for a tissue engineered implant,
which requires the physiological load-bearing compliance (e. g., polyurethane scaf-
folds for blood vessels, tendons, ligaments, etc.) after implantation. They perma-
nently remain at the planted place in recipient’s body. Meanwhile, biodegradable
materials are usually intended for use in implants which restore the histological
structure and replace the cellular function of recipients. They are gradually de-
graded in recipient’s body through hydrolysis or enzymatic function after implanta-
tion (e. g., poly L-lactic acid, poly glycolic acid, etc.).

In cases of using synthetic polymeric biomaterials, behavior of hybrid cells is
mainly dependent on surface characteristics of material. Especially, the cellular
events such as adhesion, differentiation, proliferation and migration on the non-
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biological synthetic biomaterial are important for maintaining viability of cells im-
planted in bio-inert materials. Furthermore, an increased regional acidity induced
by dissolved acidic component through hydrolysis from the biodegradable materi-
als demonstrates the limitation in mimicking natural biological environment with
synthetic biomaterials.

Natural biomaterials are mainly composed of extracellular matrix (ECM) com-
ponents (including structural components and biomolecules) originated from au-
tologous, allogeneic and xenogeneic tissues of mammalians. Collagen, elastin,
chondroitin-6-sulphate and hyaluronic acid are structural components.

Biomolecules, such as peptides, fibronectin, laminin, vitronectin and fibrin, and
cytokines as growth factors and apoptosis signal promoters, are biologically active
substances produced by nature. Non-mammalian substances such as silk fibroin,
crab chitin and chitosan and agar are also included in this criteria. At this scope, it
can be recognized that, although any xenogeneic cells are still not permitted, xeno-
geneic ECM components are permitted for the “trans-" or “im-"plantable biomate-
rials. For cell-based implants that utilize xenogeneic tissues or their derivatives as
biomaterials, secure risk controls shall be applied on sourcing, collecting and han-
dling xenogeneic ECM, on the validation of elimination and/or inactivation of ad-
ventitious agents, such as Transmissible Spongiform Encephalopathy (TSE) agents
in case of using bovine tissue, in products.

Non-comparable biological superiority of natural ECM components are applied
for improving biocompatibility of synthetic polymeric biomaterials as grafting ma-
terials onto the surface of material. Also, bioactive agents (including biologics, an-
tibiotics, and antimicrobials) and/or synthetic drugs can be medicinal components in
biomaterials, and they shall be assessed, in the context of their integration with the
cell-based implant, according to pharmaceutical principles. This assessment shall
consider the effects of medicinal components on product and vice versa. Further-
more, the medicinal components could be an additive to treat the recipient’s dis-
ease [4].

8.5 Characteristics of Collagen

In mammalians, collagen comprises about 30% of total proteins and exists as a main
structural component in ECM and supports anatomical morphology of every tissue
and organ. Although more than 20 types of them are informed, type I collagen,
which has a specific molecule of the super-coiled triple helical peptide chains, is the
most abundant in body. In brief, each peptide chain is a specific left-handed helix
of 100,000 molecular weight and consists of repeating “-Glycine-X-Y-"" amino acid
sequence. As the arginine—glycine—aspartic acid (RGD) sequence is a typical cell
adhesive ligand, collagen demonstrates strong cell adhesion property.

3 left-handed helical peptide chains are integrated by intramolecular bindings
of hydrogen bonds at glycines to glycines and hydroxyl bonds at hydroxyprolines
to hydroxyprolines in each chain to form a right-handed triple helical collagen
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Fig. 8.2 Structure of Type I collagen molecule

molecule. In a chain, 1012 amino acids are involved in the formation of a molecule,
and each free-end of a chain that is not integrated with the others, is made of
12— 17 amino acids and named as telopeptides. Each of these at the C- and N- termi-
nals of molecule binds to another and forms a long linear chain. Collagen is easily
denatured at temperature over 37 °C through disintegration of the intermolecular
bonds, and becomes gelatinized to form a randomly coiled chain with less viscosity
than that of collagen. Once denatured, gelatin is amorphous and does recover the
intermolecular bonds in nature and is more easily digested by metaloprotease than
collagen.
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A type I collagen fibril consists of 5 collagen linear chains with strong inter-
molecular hydrogen bonds at lysine to lysine in each molecule.

In nature, e-NH; of lysines and hydroxylysines at the both extremities of telopep-
tide is converted to aldehydes by lysineoxidase, and the Schiff base formation by
binding aldehyde with residual ¢-NH; or by aldol condensation between aldehyde
to aldehyde occur. This strong molecular binding is called as the crosslinking and in-
troduces strong mechanical characteristics to collagen to act as the structural matrix
in tissue and provide organ morphology.

As hydrogen concentration of body fluid is pH 7.4, collagen is regarded as a weak
base substance, and is generally extracted from mammalian tissue.

Collagen is the hydrophobic protein and is generally insoluble in a neutral so-
lution, but non-crosslinked collagen is soluble in the neutral base solution such as
NaCl or NayHPO4. On the other hand, weak acid such as HCI, citric acid and acetate
breaks the intermolecular Schiff base bonds and the acid soluble collagen molecules
are extracted. After extracting acid soluble collagen, non-acid soluble remnants re-
main, and these are strongly crosslinked collagen fibrils. When additional process
using pepsin that digests the linear intermolecular bonds at each telopeptide is per-
formed, telopeptide-free collagen molecules, known as the atelocollagen, can be ob-
tained from remaining collagen fibrils. Because telopeptide demonstrates individual
gene-characteristics, these atelocollagen molecules are recognized as immune-free
substance and are applicable to medical and pharmaceutical purposes.

High concentration of bases such as NaCl, Na;SO4, Nap HPO4 aggregate the
acid-soluble collagen molecules in solution, and this phenomenon is applied to
produce collagen membranes, threads and hollow fibers. However, randomly re-
constructed intramolecular and/or intermolecular bonds do not provide sufficient
mechanical properties compared to natural collagen in tissue. Hence, in order to
fabricate collagen with higher mechanical strength, re-crosslinking methods are in-
troduced [5] (Fig. 8.2).

8.6 Fabrication of Collagen

Collagen has been regarded as the first candidate for hybridization with cells as it
exists in every part of body as the main extracellular matrix component. Although
implantation of xenogeneic cells is not practically permitted, immunefree atelocol-
lagen is generally extracted from mammalians for medical use. Bovine is the most
popular resource provided if cows are grown at the officially recognized region that
is free from TSE.

As atelocollagen has no telopeptides that integrate with other atelocollagen
molecules, basic technology to produce intramolecular and intermolecular bonds
for construction of the extracellular matrix with adequate mechanical properties
required by tissue where the artificial cell-based implant is delivered is the re-
crosslinking method using chemical reagents or physical dynamics.

Most common chemical reagent adopted for this process is glutaraldehyde that
introduces stable covalent NH; to NHj; bindings between the molecules. As amine
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to amine (NH-NH) bonding exists in every amino acid in molecules, the chemi-
cally crosslinked collagen demonstrates high strength, but irregular patterns of the
crosslinked fibers and protracted resorption are general disadvantages. Furthermore,
in case of using glutaraldehyde, complications due to residual aldehydes often con-
duct calcification that directly leads to the loss of mechanical strength. To overcome
these disadvantages, 1-ethyl-3(3-dimethylaminopropyl) carbodiimide (EDC), which
introduces NH> to COOH covalent bonding and has no toxicity, has been applied
to the procedure.

To avoid any disadvantage arising from the use chemical reagents, cross-linking
by physical method is employed. Irradiating with gamma or ultraviolet rays pro-
duces radicals in the form of unpaired electrons in the nuclei of aromatic residues
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Fig. 8.3 Crosslinking of collagen molecule occurs by Schiff base formation in nature
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such as those in tyrosine and phenylalanine, and binding of these radicals results in
the collagen cross-linking through random NH; to COOH bonding. Even though
the physical method is safe as it does not involve the use of chemicals, stability of
the crosslink is less than that of chemically induced crosslink.

Collagen can be fabricated into various forms of gel, fiber, membrane with or
without pores, and it can even be grafted onto the non-viable metal, ceramic and
synthetic biomaterials to introduce biological layer on surface.

Atelocollagen gel is easily prepared by dispersing in weak acidic solutions. In
general, collagen is dispersed in a weak acid solution of pH 6-6.5 and finally ad-
justed to required pH by adding base for medical purpose. Additive substance to

(a) (b)

Fig. 8.4 Two hours of UV ray (wave length 245 nm) irradiation cross-linked collagen matrix.
a before, and b after irradiation

25000
20000 | t

15000

Maximum tensile stress (kPa)

* t
10000 |
5000 |
oV
N\ [ca o\ o o

o g

Groups

Fig. 8.5 Ultimate tensile stress of dense membrane in relation to UV irradiation time. Each value
represents the mean + SD in five samples, * and : significantly different compared to the control
non-treated group for each type of membrane, *: p < 0.05 and f: p < 0.01. CONTROL : non-
treated group, UV1/2: UV-irradiated group for 30 mins, UV2: UV-irradiated group for 2 hours,
UV4: UV-irradiated group for 4 hours, UV8: UV-irradiated group for 8 hours, GA: 0.625% glu-
taraldehyde pretreated group for 24 hours (Y-axis: Maximum tensile stress (kPa))
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provide and/or control the biological function of the collagen can be introduced at
this stage utilizing the high viscosity property.

Biochemical property of collagen molecule can be modified by varying the sur-
face electric charge by altering the molecular side chain which leads to the ad-
justment of hydrophilicity-hydrophobicity balance. Succinylization of amines (NH-
CO(CH3)>-COOR) by using anhydrate succinyl acid provides abundant (—) charges,
and the succinylated collagen becomes soluble in neutral solution, which finally re-
sults in translucent viscous collagen gel with hydrophilicity. Meanwhile esterization
(~COOCH3) of carboxyl group by methanol produces abundant (4) charges on the
collagen and provides a favorable hydrophobic niche for protein adhesion.

Atelocollagen gel is fabricated into fiber form by using an electro spinning. For
example, a collagen solution dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFP)
having concentration over 5% is useful to produce a diameter controlled nanofiber
by passing it through a diameter adjustable nozzle under the condition of a high
voltage at 25 kV, flow velocity at 2.5m/h, metal collector of 2 cm width with rotating
speed at 300 rpm, and distance between the metal collector and spinner of 15 cm,
and finally removing organic solute for 48 hours by drying in a vacuum chamber.
The produced nanofiber is crosslinked by either EDC or UV irradiation later in order
to reinforce the fiber strength, and demonstrates the typical triple helical structure
of collagen molecule.

Freeze-drying the gel in vacuum condition is a simple procedure for fabrication
of a porous membrane, as lower concentration and higher freezing temperature leads
to smaller and bigger pores [6-10], (Figs. 8.3-8.8).
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Fig. 8.6 Modification of collagen molecule to increase hydrophobicity by esterization or hy-
drophilicity by succinylation. Succinylated collagen (a) demonstrates higher solubility than normal
collagen gel (b) in distilled water with hydrophilicity
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Fig. 8.7 A scanning electron microccopic surface view of an electrospun collagen nanofibrous
membrane crosslinked by 1-ethyl-(3-3-dimethylaminopropyl) acrbodiimide hydrochloride (EDC).
Crosslinking increased diameter of the nanofibers. a before crosslinking, d: 448 nm, b after
crosslinking, d: 618 nm

Fig. 8.8 Morphological observation of typel atelocollagen porous membrane: a freezing dry at
—20°C, b freezing dry at —70 °C, ¢ freezing dry at —196 °C. The lower temperature produces
higher porosity
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8.7 Collagen in the Cell-based Implants

Collagen contains much of the cell adhesive RGD sequences in molecule, thus has
cell conductive characteristics and is applied either in the independent form, in form
of hybridization with biofunctional agents and cells, or, occasionally, in form of
copolymer by introduction of synthetic polymers which is mainly aimed to enforce
mechanical property.

8.7.1 Skin Regeneration

Collagen gel is usually applied to cell culture. A cell culture plate whose bottom
surface is coated by collagen gel and dried makes it possible for suspended cells to
produce a monolayered cell cluster by attaching them to the coated collagen layer.
This technique is directly applied to produce skin wound dressing membranes.

Exposure of dermis to the open air, the grade 3 skin defect, in which the basal
epithelial layer that prevents direct contact of inner body to the outer bodily environ-
ment and supports epithelium as the bed for keratinocytes is destroyed from burn,
and sore spots induced by diabetes mellitus or accident are critical emergency in
clinics. They evolve the direct contamination of dermis which usually progresses to-
ward fatal septicemia or skin necrosis. The conventional treatment procedure mainly
consists of complete irrigation and debridement of the wound, topical administra-
tion of broad spectrum antibacterial and antifungal agents, covering the wound by
oily ointment to protect it from air contact, painful daily dressing change, and ob-
servation of the auto-regeneration of wound by proliferation of both dermal fibrob-
lasts and epithelial keratinocytes and basement membrane reconstruction. Promot-
ing proliferation of these skin cells with protection from air contact until complete
healing is the key technology, and collagen membrane has been applied for this.
For example, freeze dried atelocollagen in vacuum forms a membrane with random
pores, and the pore size into which the cells may proliferate is controlled by the gel
concentration and temperature at which it is frozen. Freeze dried collagen gel of
1, 2, and 5% in concentration at —20, —40, and —80 °C for 1/2, 1, 2, and 4 hours
demonstrated that higher concentration produced less and smaller sized pores. Also,
the lower temperature and prolonged freezing time decreased viscosity. To produce
a collagen membrane with optimal pore size of over 120 pm which permits penetra-
tion and proliferation of dermal fibroblast proliferation, the 2% collagen gel freeze
dried at —40 °C for 2 hours and crosslinked by EDC or UV irradiation for 2 hours
was found to be recommendable to use as a dermal cell conductive membrane that
provides the appropriate viscosity for initial anchorage, and any inflammatory exu-
date escapes through pores.

A collagen bi-layered membrane is applied to skin in forms of either wound
dressing or extracellular structural supporting matrix for artificial skin. Laminin,
which is a cell adhesive protein and a main component of the basement membrane
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between dermis and epithelium, is mixed with 2% collagen gel. A porous collagen-
laminin membrane is fabricated and freeze-dried as previously described and addi-
tional 4% collagen gel is coated on the porous membrane and crosslinking is pro-
moted by EDC treatment or UV irradiation. Through this procedure, a bi-layered
collagen matrix that consists of dense collagen layer overlaid on the prefabricated
porous collagen-laminin membrane was produced. In use as a wound dressing, the
upper dense layer prohibits direct wound contact with the open air and plays a role
as a bed for keratinocyte proliferation, while the porous layer conducts dermal fi-
broblast proliferation. Thus, the painful daily dressing change becomes unnecessary.
Antibacterial agents encapsulated by hyaluronic acid can be incorporated into the
collagen gel and the drug may be released from the collagen membrane to avoid
periodic topical drug application.

Fabrication of the bi-layered collagen membrane is the basic technology appli-
cable to manufacture of artificial skin. In the 1980s, Bell introduced a method in

146 20KY X40,0

Fig. 8.9 Collagen-Laminin hybridized porous membrane for dermis
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which dermal fibroblasts and collagen gel mixture were cultured at 37 °C, and when
the cells were confluent in the gradually shrinked gel, the collagen-fibroblast com-
posite is produced. Keratinocytes were overlaid on the composite to mimic anatomy
of the dermal cellular structure, but it required about 20 days for the manufacture
to be completed and it was therefore not applicable to patients with grade 3 skin
wound. On the other hand, Green introduced an advanced method in which dermal
fibroblasts were cultured to form monolayer on a collagen coated culture plate and
then keratinocyte was directly co-cultured on the fibroblast monolayer in a media

Collagen

Keratinocyte

Dermal fibroblast

Fig. 8.11 Scanning electron micrographs of cells attached on a collagen matrix (a), a collagen
matrix containing 9.6% HA (b) and a PU matrix (c). (magnification x 100)
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containing epithelial growth factor. Nonetheless, this method still required at least
a week for the complete fabrication, and employment of growth factors holds a risk
of oncogenesis induction.

To produce an artificial skin, autologous dermal fibroblasts of rat were seeded
into the EDC crosslinked porous collagen-laminin membrane and cultured in min-
imum essential medium (MEM) for 3 days to provide the cell-niche adaptation pe-
riod. 3-day culture is not enough for complete proliferation of cells into pores, but
cells were firmly attached and anchored onto the superficial layer of the porous
membrane due to specific cell adhesive characteristics of -RGD-sequences in col-

Fig. 8.12 Surface characteristics of HA microparticles obtained by encapsulation method (a: with
only HA, X5K, b: with addition of collagen and antibiotics, X3K) and granulated method (¢, with
addition of collagen and antibiotics, X3K)

a b

Fig. 8.13 a A facial subcutaneous lesion (dot circle) was augmented by a porous antibiotics encap-
sulated hyaluronic acid hybridized type I atelocollagen implant and dense-porous double layered
collagen membrane was applied as a wound dressing. b After 3 weeks, subcutaneous dermal wound
was completely recovered, and epithelial regeneration was conducted
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315 bp

Fig. 8.14 Electrophoretic analysis of mycoplasma polymerase chain reaction (PCR). Supernatants
from cell cultures on PLGA or collagen nanofibrous membrane were subjected to the sample prepa-
ration. Lane 1: size marker (100 bp DNA ladder), lane 2: collagen nanofiber with cells, lane 3:
PLGA nanofiber with cells, lane 4: medium with cells, lane 5: medium without cells, lane 6: nega-
tive control (water) and lane 7: positive control

Fig. 8.15 Macroscopic observation of wounds treated with fibroblast seeded collagen nanofibrous
or PLGA nanofibrous membrane at day 0, day 7, day 14 and day 21 after implantation. (Black
arrow head: membrane placed area. Blank arrow head: non-treated control area)

lagen and laminin. After 4 weeks of coverage onto a grade 3 skin wound, der-
mis was completely replaced, and basement membrane lined beneath the dense
layer as the seeded dermal fibroblasts were cultured in situ. Epithelial regener-
ation upon the dense layer surface was poor and partially occupied by the ker-
atinocytes, but full coverage by epithelium was observed after 6 weeks. This phe-
nomenon can be understood as the porous collagen based membrane can play as
a vehicle for dermal autologous cell delivery, and the reconstructed basement mem-
brane, which is a keratinocyte supplying bed in nature, has driven epithelial con-
duction. Later, a collagen-elastin nanofiber was fabricated as previously described,
and the extruded fibers were brought onto collagen gel and crosslinked by EDC.
Using nanofiber made it possible to produce a lattice controlled matrix, and uni-
formly aligned lattices conducted cells to proliferate into the designed lattice pat-
tern [11-17] (Figs. 8.9-8.16).
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Fig. 8.16 Photomicrographs of biopsy specimens from a wound treated with fibroblast seeded
collagen nanofibrous membrane on the postoperative 7th day (A, D), 14th day (B, E), and 21th day
(C, F). Nanofibrous membrane implantion (D, E,F) and sham-operation controls (A, B, C) were
compared (Magnification 40X)

8.7.2 Bone Reconstruction

Collagen gel hybridized with calcium phosphate is applicable as a bone conduc-
tive substitute. Apatite ( Calo(PO4)g' *), a typical inorganic component of skeleton,
was synthesized and heated at 980 °C after which apatite crystals were not sintered
but degradable by hydrolysis. 1% collagen gel was mixed with the apatite in 12:88
w/v, and the mixture was crosslinked. Then the produced apatite-collagen pellet
was implanted into rabbit’s resected tibiae. 4 weeks after implantation, the resected
defect was completely regenerated by host bone with cortical bone continuity and
cancellous bone stroma, and after that, typical bone remodeling process followed
to produce natural bone. However, mechanical strength of the regenerated area was
less than general bone.
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Although collagen based gel is favorable to fabricate cell conductive substitute,
weak mechanical property is a barrier for application in the physiological stress
bearing tissues, and, to resolve this problem, hybridization of collagen with poly-
meric biomaterials has been suggested. Introducing functional groups on esters,
such as polyurethane (PU) and poly lactic-glycolic acid (PL-GA), through treat-
ment with ozone induces surface oxidization that produces carboxyl groups on the
surface which react with amines in collagen.

As the apatite-collagen provided insufficient strength despite promotion of a fa-
vorable osteogenesis, collagen was grafted onto the biodegradable PLA membrane
to reinforce the strength. PLA of M.W. 50,000 was resolved by 99% chloroform so-
lution to produce 9% (W/V) PLA solution, and NaCl crystals (425 -500 wm) were
mixed to the PLA solution with adjusting NaCl:PLA ratio to 9:1 (w/w). The pre-
pared solution was cast into an appropriate shape, and the solvent was allowed to
evaporate over 24 hrs to produce a porous membrane after leaching out the NaCl
particles with distilled water. To induce molecular bindings between the collagen
within apatite-collagen composite and the PLA membrane surface, PLA membrane
was oxidized by ozone to produce reactive carboxyl and hydroperoxide groups on
the PLA surface. After the ozone treatment at 60 V for 60 min, apatite-collagen
was delivered onto the ozone treated PLA membrane to produce an apatite-collagen
grafted PLA membrane. The grafted membrane was pressed (1 bar at 37 °C) from
vertical direction, and then EDC collagen cross-linking was performed to integrate
the mixed atelocollagen fibers in the grafted material. The final product was im-

Carb N A Mixt
Carbonate. Apatite Carbonate Apatite | s

synthesized at 58°C heated at 980°C Ap 88: C 18
(CAp)

Type I atelocollagen
from umbilical cord

Fig. 8.17 Scheme of producing carbonate apatite-collagen substitute mimicking bone
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after 16 weeks
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Fig. 8.18 Radiological view of the carbonate apatite-collagen implanted in the resected tibiae of
rabbits for 16wks. a autograft, b apatite-collagen implant and histological view

planted into oval defects induced on rabbit’s calvarial bone. The bone was regener-
ated in a similar manner to that of apatite-collagen implanted model, and the sup-
portive PLA membrane was gradually degraded as the bone was replaced [18-25]
(Figs. 8.17-8.23).

8.7.3 Esophagus Replacement

Collagen grafted synthetic polymer is applicable to soft tissue replacement as well.
Except the air passages such as trachea and bronchus which require almost no re-
peating dilatation-shrinkage action of compliance, most of the tubular-shaped tissue
requires various level of compliance against the mass passing through lumen, as ar-
teries to pulsating blood flow and esophagus to swallowing dietary mass. In general,
tubular walls of those tissues consist of multiple-layered smooth muscle cells to re-
sist against pressure at luminal wall exerted by transporting mass, and appropriate
flexibility is required.

To replace esophagus, polyurethane, a bioinert biomaterial with mechanical ad-
vantage of high durability against continuous bending stresses, was employed.
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An approach is presented for graft copolymerization of type I atelocollagen onto
surface of polyurethane (PU) treated with ozone. Through surface oxidization by
ozone to modify the PU surface, peroxide groups are easily generated. Those perox-
ides are broken down by redox-polymerization and provide active species which
initiate graft polymerization by reacting with amines in the collagen molecules.
Ozone oxidation time and voltage could readily control the amount of peroxide
production. Maximum concentration of peroxide was about 10.20 x 10~8 mol/cm?
when ozone oxidation was performed at 60 V for 30 min. After the reaction of PU
by ozone oxidation, type I atelocollagen gel was graft copolymerized onto the PU.
All the physical measurements on the collagen grafted surface indicated that the PU
surface was effectively covered with type I atelocollagen. Interaction of the colla-
gen grafted PU surface with fibroblasts could be greatly enhanced by the surface
graft polymerization with type I atelocollagen. Attachment and proliferation of fi-
broblasts on the grafted type I atelocollagen were significantly enhanced, and it is
assumed that the atelocollagen matrix supported the initial attachment and growth
of cells. In the early stage of proliferation, collagen synthesis in fibroblasts was not
activated and remained at a relatively low level due to the grafted type I atelocolla-
gen, increasing only fibroblast differentiation. The mechanical property of tubular
tissue was oriented from the alignment of cells that consists of repeated overlayers
of longitudinal and circumferential layers and forms wall thickness.

CAp X-linked by EDC | Chp

Hybridization
X-linked by EDC

O, oxidization at 60 V for 60 min
to produce reactive carboxyl and
hydroxyperoxide groups on PLLA
surface.

d (pore size: 425-500um) CAp + PLLA

Fig. 8.19 Production of a carbonate apatite-collagen composite hybridized with a porous poly-
(L-lactic acid) membrane as a membranous bone implant
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b

Fig. 8.21 Osteoblasts attached onto CAp + PLLA membrane. Arrows indicate calcium deposit af-
ter 3 days of culture

Regarding this result, a double layered PU tubular scaffold grafted with collagen
was fabricated to produce an artificial esophagus. PU purification was performed
by diluting PU particles in DMAC(dimethyl-acrylamide) solution then precipitating
in non-solvent methanol, and drying the precipitate under vacuum for 2 days to re-
move residual methanol. After purification, PU was dissolved in DMAC solution at
the final concentration of 13%w/w. Glass rod, with diameter of 3 mm and length of
15 cm, was worn with 13% PU solution and then air-dried for 6 hours. This process
was repeated twice. After wearing, an end part of the glass rod was cut, and then
the rod was worn again in reverse direction by the same process to be uniformly
worn. It was dried under vacuum for 12 hours afterward. Completely dried sam-
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New Zealand white rabbit Anesthetized with Aseptic preparation of surgical
ketamin and xylazine field with betadin solution

Two burr holes (diameter:10mm) were T-shape incision
bilaterally made on calvarial bone

Fig. 8.22 In vivo experiment of the CAp - PLLA on to the rabbit calvarial bone defect bone model
CAp + PLLA CAp

Fig. 8.23 Both implanted lesion were completely replaced by the host bone, and on the bone-
remodeling process. CAp + PLLA membrane implant demonstrated a higher structural integration
than CAp

ple was swelled in benzene solution for 1 hour and washed with distilled water for
2 hours and ethyl alcohol for 1 hour. After swelling and wearing process, a porous
PU tube was separated from glass rod and dried under vacuum. To graft collagen,
ozone treatment was performed as described above. The tube was immediately im-
mersed in 1% type I atelocollagen gel, and Mohr’s salt [FeSO4(NH4)2SO46H, 0]
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was added to the gel to decompose peroxides. Then polymerization was allowed to
proceed at 35 °C and pH 8.0. Type I atelocollagen grafted porous PU tube was dried
in vacuum at 25 °C. The tube was dipped in a 2% collagen gel and crosslinked by
EDC later. By this procedure, a porous collagen-grafted tube with inner diameter
of 3 mm, thickness of 0.7 mm covered by dense collagen layer was produced. Rab-
bit’s esophageal smooth muscle cells were seeded and cultured in a mechanically
stressful environment of 10% strain magnitude and 1 Hz frequency. Culturing for
18 hours of mechanically stretching condition and 6 hours of stationary condition
on every 24-hour period, the cultured cells aligned in the perpendicular direction
to the strain direction after 2 days. The collagen grafted PU tube with cell align-
ment control was subcutaneously implanted in nude mice for 4 weeks, and a histo-
logical finding demonstrated that a well-aligned smooth muscle cells reconstructed
the tube which is applicable for replacement of esophagus [26-30] (Figs. 8.24—
8.26).

Fig. 8.24 Cyclic 10% strain magnitude and 1 Hz frequency was applied by a self-designed stretch-
ing chamber. a DC motor, b Gear box, ¢ Cam system, d Quartz chamber, e Forcepses. Cell cul-
tured under white arrow on b indicates the strain direction. a rabbit esophageal smooth muscle cell
seeded into a collagen grafted porous polyurethane tube, b cultured for 12 hrs, ¢ cells aligned in
perpendicular to the strain axis after 24 hours of culture
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Fig. 8.25 An artificial esophagus consists of rabbit smooth muscle cells dynamically cultured in
a type I atelocollagen grafted porous polyurethane tube was subcutaneously implanted in a nude
mouse

8.7.4 Wound Healing promoting Anti-Adhesive Matrix

The idea of collagen grafting was also applied to produce a healing-promoting anti-
adhesive membrane that is particularly necessary in peritoneal surgery to prevent
postoperative adhesion. At first, glycolide and D,L-lactide were recrystallized from
ethyl acetate and dried under vacuum before use. Lactide and glycolide, at a molar
ratio of 75:25, were put into a glass ampoule, and mPEG was added for preparing the
mPEG-PLGA block copolymer through ring-opening polymerization. 0.05%(w/w)
of stannous octoate added to the solution as a catalyst. The ampoule was evacuated
by a vacuum pump, sealed with a torch, and was heated in an oil bath at 130°C
for 12 hrs. After the reaction was complete, resulting polymers were purified by
dissolving in methylene chloride and then precipitated in excess methanol.
Obtained polymers were dried in vacuum. For the preparation of polymer film,
8% solution of mPEG-PLGA in chloroform was cast on a glass plate, and the sol-
vent was evaporated in a vacuum oven for 2 days. On the other side, a porous
collagen-hyaluronic acid (HA-Col) membrane was fabricated and crosslinked. 1%
of hyaluronic acid (HA) (sodium salt, Mw = 120,000 — 150,000) as an aqueous so-
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Fig. 8.26 Histological observation of the implanted artificial esophagus demonstrated a well
aligned smooth muscle cells reconstructing the tube

lution was added to 1% Type I atelocollagen gel, forming 20%(w/w) HA/collagen
solution and homogenized at 8000 rpm for 3 minutes at 4 °C. The resulting slurry
was poured into a well plate, frozen at —70 °C, and then lyophilized at —50 °C. The
fabricated porous HA-Col membranes obtained were immersed in 50 mM of EDC
solution ( HyO-ethanol = 5:95) for 24 hrs. Obtained membranes were washed in dis-
tilled water by a sonicator, and then re-lyophilized at —50 °C. To promote cell adhe-
sion, the HA-Col membranes coated with various concentrations of fibronectin(FN)
were prepared by applying 1% FN solution over the HA-Col membranes at doses of
50 ug/cm? and incubation at 37 °C under humid condition for 5 hours.

To prepare HA-Col and mPEG-PLGA bi-layered composite membrane, chloro-
form was sprayed on the surface of mPEG-PLGA film, and then cross-linked HA-
FN-Col membrane was loaded on the slightly dissolved surface of mPEG-PLGA
film. In vitro adhesion test revealed that fibroblasts attached better on HA-Col mem-
brane compared to those on mPEG-PLGA film, PLGA film or oxidized cellulose
film. mPEG-PLGA film had the lowest cell adhesive property. In confocal micro-
scopic observation, the actin filaments were significantly more polymerized when
50 or 100 pg/cm? fibronectin was incorporated on the HA-Col membranes. Af-
ter 7-day culture, fibroblasts penetrated throughout the HAFN-Col network and the
cell density increased whereas very few cells were found attached on surface of
the mPEG-PLGA film. In vivo evaluation by implantation test for 7 days in rab-
bit’s peritoneal wound showed that the composite membrane could protect tissue
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Fig. 8.27 While the hydrophilic polyethylene glycol molecules on the biodegradable polylactic-
glycolic acid (PLGA) membrane inhibit the adhesion of neighboring cells, the collagen and
hyaluronic acid containing fibronectin porous layer grafted on the other side of PLGA membrane
promotes wound healing. The PLGA membrane may gradually be degraded

adhesion during the critical period of peritoneal healing and did not provoke any
inflammation or adverse tissue reaction [31,32] (Figs. 8.27-8.32)

8.7.5 Liver Regeneration

Collagen based biomaterial was also applied as a mesenchymal stem cell (MSC)
delivery vehicle. Liver hepatocyte is a representative stable cell that has tremendous
proliferative capacity and ability to differentiate and proliferate when injury or dam-
age occurs in liver. In case of no-proliferation of hepatocytes, oval cells are stim-
ulated to divide and eventually differentiate into mature hepatocytes; therefore, an
oval cell is regarded as a compensatory cell in liver injury, and has been concerned to
be equivalent to liver stem/progenitor cells. Oval cell is oriented from bone marrow
mesenchymal cell, and is a facultative bipotential precursor cell that differentiates
into hepatocytes or bile duct cells. Human MSCs harvested from tibial bone marrow
and co-cultured with hepatocytes for 3 days in medium with additive hepatocyte
growth factor (HGF) produced a confluent mixture of undifferentiated MSCs and
oval cells. To purify the oval cells from nonparenchymal cells, cell cloning method
was applied. Characterization of oval cells was performed by a double immuno-
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PEG-PLDA film

—— Collagen-HA
membrane

Fig. 8.28 The SEM observation of the composite matrix, which consists of a PEG-PLGA film and
porous collagen-HA matrix containing fibronectin

BR6149 2

Collagen-HA PLGA PEG-PLGA
membrane membrane membrane

Fig. 8.29 Observed fiblasts on the PEG-PLGA surface were significantly fewer than on the PLGA
membrane surface. Collagen-HA membrane demonstrated high affinity to cell attachment

fluorescence method using alpha-fetoprotein (AFP) and cytokeratin-19 monoclonal
antibody expecting co-expression. Isolated human MSCs oriented oval cells were
seeded on an EDC crosslinked porous type I atelocollagen matrix, and cultured
in medium containing insulin, dexamethasone, and hydrocortisone as the hormone
stimulators and additive cytokines of HGF and epidermal growth factor (EGF). For



186 8 Collagen Fabrication for the Cell-based Implants in Regenerative Medicine

a b c

Fig. 8.30 Confocal microscopic images of FITC-phalloidin stained F-actin (green) and PI stained
nucleus (red) in fibroblasts cultured on the PEG-PLGA film (a), collagen-hyaluronic acid mem-
brane (b), 100 Mg/cm3 fibronectin coated collagen-HA membranes (c)
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Fig. 8.31 Attachment of fetal human dermal fibroblasts on the various types of membranes 4 hours
after seeding: Effect of fetal bovine serum in the culture medium. * Interseed (Johnson & Johnson
Co.) is a commercially available anti-adhesive membrane made by oxidized cellulose

3 weeks, albumin secretion and urea detoxification rate continuously increased ei-
ther in the hormone additive or the cytokine additive groups, and this was directive
knowledge that avoidance of using growth factors in committing MSC-oriented oval
cell toward hepatocyte can escape from risky induction to liver cancer. The collagen
scaffold was able to foster long-term viability and protection of the cells, and this
3-dimensional culture of oval cells is considerable for designing a cell-delivering
tool for hepatic disease [33] (Figs. 8.33-8.38).
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a

Fig. 8.32 In vivo Experiement: rat abdominal sidewall injury model Photographs of a Col-FN
grafted PEG-PLGA membrane treated group and b control group (right) after 7 days. After an
abdominal midline incision, a+2 cm x 1 cm defect on the anterior abdominal wall of 30 female
Sprague-Dawley rats was created by a template and scalpel. The Col-FN grafted PEG-PLGA mem-
brane (3 cm x 2 cm) was placed as the Col-FN grafted side could face the injured peritoneal wall.
Asymmetric collagen-fibronectin grafted PEG-PLGA copolymer membrane was appeared to suc-
cessfully reduce the incidence of postoperative adhesion formation
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Fig. 8.33 Microscopically observed a mesenchymal stem cells co-cultured with hepatocytes on
day 0, b oval shaped cells on day 3, ¢ colony piled oval cells on day 24 in DMEM/F-10 culture
media (x 100)

8.8 Discussion

Although collagen is a favorable biomaterial to be employed in a wide range of
fabrication procedures with cells, there is no established tool to isolate and produce
absolute atelocollagen, the immune-free substitute, at present. Even a single remain-
ing collagen dimer or trimer may cause immune reactions in future. The resource
of collagen, especially for clinical applications is also important, because unknown
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t Protruding microvilli on the cell surface (¢mm)
A small proportion for cytoplasm ()
Variable amounts of condensed chromatin  ( ¢mmm)
Round or ovoid nuclei

Fig. 8.34 The oval cells obtained from mesenchymal stem cells through co-culture with hepato-
cytes demonstrated typical cytomorphorlogcal characteristics

a b c

Fig. 8.35 Characterization of the Oval cell mediated from mesenchymal stem cell through co-
culture with hepatocyte by double staining using alpha-fetoprotein (AFP) and cytokeratin (CK) 19.
a AFP —red b CK 19 — green FP and ¢ CK 1

viruses that produce future unpredictable diseases from xenogeneic extracellular
matrix may exist. If single-cell encapsulation by collagen containing signal trans-
duction agents and ligands attracting specific cell adhesive receptors is systemized,
commitment of stem cell differentiation and proliferation toward the designated tar-
get tissue will be achieved, and this may contribute to the future progress of stem
cell-based implant.
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Fig. 8.36 SEM observation of oval cells seeded in porous collagen scaffold. a Oval cells in scaffold
supplemented with cytokines at day 4, b Oval cells in scaffold supplemented with hormones at
day 4, ¢ Oval cells in scaffold supplemented with cytokines at day 7, d Oval cells in scaffold
supplemented with hormones at day 7
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After 3 week (cytokine) After 3 week (hormone)
Fig. 8.37 Morphology of oval cells in scaffold. Masson & Trichrome Staining
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Fig. 8.38 Albumin secretion in scaffold. a Cultured with cytokines in scaffold, b Cultured with
cytokines on tissue culture plate (TCP), ¢ Cultured with hormones in scaffold, d Cultured with
hormones on TCP
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Abstract Tissue engineering is an interdisciplinary field applying the principles of
engineering to life science to generate living tissue and organ replacements. Typ-
ically, cells are seeded onto a biomaterial scaffold to be integrated into a spe-
cific tissue. Both biological and synthetic biomaterials are currently employed
including metals, ceramics and polymers. The cell/biomaterial interactions are com-
plex and hardly predictable. Inevitably this requires the assessment of cytotoxi-
city and biocompatibility in each novel combination of cells and biomaterials.
A cell/biomaterial biohybrid should mimic the natural equivalent as close as pos-
sible — “biomimetic”. Researchers match biomaterial rigidity, stability, porosity,
degradability etc. to the extracellular matrix of a given organ to control cell ad-
hesion, proliferation, and differentiation in a predictable fashion. Examples of this
interface biology and methods to assess the cell-material interactions are discussed
in this chapter.

Stem cells as a source of cells for tissue engineering continue to play an impor-
tant role in tissue engineering. Pluripotent embryonic and multipotent adult stem
cells alike are extensively used in experimental tissue engineering applications and
cell-based therapies. Recent developments in stem cell biology are discussed.

The engineering of cell/biomaterial hybrids for tissue replacement in three di-
mensions is a critical goal of tissue engineering posing a formidable task in itself.
Adequate tissue vascularization, functional tissue integration in vivo, regulatory ap-
proval and economical viability however, must take center stage in any tissue engi-
neering approach seriously interested in commercialization.

9.1 Introduction

In 1993 Robert Langer and Joseph Vacanti defined tissue engineering as “an in-
terdisciplinary field that applies the principles of engineering and the life scien-
ces toward the development of biological substitutes that restore, maintain, or im-
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prove tissue function” (Langer and Vacanti 1993). These biological substitutes
combine cells cultured in a natural or nature-like environment sustaining growth
and differentiation. The environment comprises biomaterial scaffolds providing cell
attachment sites and a basic three-dimensional organisation resembling extracel-
lular matrix (ECM). A tissue engineered substitute is meant to mimic the dif-
ferentiated structure and function of its native counterpart in as many ways as
possible.

Many reviews have dealt with tissue engineering of specialized tissues including
skin, bone, cartilage, ligament etc. Several monographs have been published on this
topic. Here we attempt to recapitulate basic considerations of cell-material interac-
tions. In particular we will discuss the use of stem cells for tissue engineering, recent
advances in material scaffolds, and cell-material interactions.

9.2 The Cells

9.2.1 In Search of an Ideal Cell Source for Organ Replacement

One primary consideration in tissue engineered organ replacement is the choice of
cells and the cell source. It is important to stress that any tissue engineered prod-
uct should contain a cell mass far exceeding the cell mass of the biopsy originally
taken. This is not always the case in experimental therapies. In these unfortunate
cases tissue engineering actually results in net loss of tissue. Therefore cells for tis-
sue engineering must possess a high intrinsic proliferation capacity. Despite a high
proliferation rate, the cells must be able to eventually stop proliferation and enter
terminal differentiation into a desired cell type. Most tissue engineering approaches
include ex vivo steps to expand and differentiate cells in culture. In principle how-
ever, the cell selection and proliferation step might as well be accomplished in the
body using biomaterials with exquisite control of mobilization, proliferation and
differentiation of cells in situ.

Organ function in the body is primarily determined by the differentiated cell
type(s) constituting a given organ. To date skin epidermis is one of the few tis-
sues where this process is understood in any appreciable detail (Clayton et al.
2007). Roughly 200 distinguishable cell types are associated with specialized tis-
sues like connective tissue (fibroblasts), muscle (myocytes), liver (hepatocytes), car-
tilage (chondrocytes) and bone (osteoblasts). It should be recalled that almost every
organ is made up of more than one cell type and that any piece of tissue larger than
a cubic millimetre (1 microliter volume) requires vascularisation to ensure nutri-
ent and waste exchange. Thus cell plasticity, the ability of a precursor cell to form
most or all cells of a given organ and angiogenesis, the sprouting and growth of
new blood vessels continue to be important issues in tissue engineering. For ob-
vious reasons cell plasticity is highest in embryonic tissues. Hence a lot of our
knowledge about cell plasticity was learned from embryo-derived stem cells, ES
cells.
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9.2.2 Stem Cells

Stem cells have two major distinguishing properties: i) They are undifferentiated
cells that renew themselves for the entire life span of an organism through cell divi-
sion and ii) they have a remarkable capacity to develop from a common precursor
into multiple cell types with specialized functions such as the insulin producing cells
of the pancreas, blood cells, nerve cells or beating cardiomyocytes (Fig. 9.1).

Protocols to obtain stem cells from early mouse embryos were developed more
than 20 years ago (Evans and Kaufman 1981; Martin 1981). Since 1998 stem cells
from human embryos can also be isolated and grown in the laboratory (Thomson
etal. 1998). These so-called ES cells were isolated from fertilized oocytes of in vitro
fertilisation patients. In the mouse ES cells are derived from blastocysts 3-5 days
after conception. They give rise to specialized cell types of all three germ layers and
are thus called “pluripotent”. Adult tissues also contain stem cells, e. g. the bone
marrow. These “adult stem cells” may replace cells that are lost through normal
turnover, injury, or disease. In order to use these cells in tissue engineering or in cell
based therapies researchers intensively studied the fundamental properties of stem
cells. These studies are designed to i) determine precisely how stem cells remain
unspecialized and self-renewing for many years, ii) identifying the signals that cause
stem cells to become specialized cells, iii) gain knowledge about how an organism
develops from a single cell, and iv) how healthy cells replace damaged cells in adult
organisms.

Fig. 9.1 Mouse stem cells, their origin and derivatives. All cells originate from fertilized oocytes,
zygotes. Multiple cell divisions into 2-, 4-, 8-cell stages etc. eventually form complex tissue and
whole animals. Bulk tissue formation is mimicked in embryoid bodies (EB), which spontaneously
differentiate into cells of all three germ layers. Adult bone marrow stromal cells (MSC) can be dif-
ferentiated e. g. into neuon-like cells following neural differentiation or into adipocytes following
adipogenic differentiation
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9.2.3 Pluripotent Embryonic Stem Cells

The history of pluripotent ES cells started in the seventies and is based on observa-
tions in teratocarcinomas. Solter et al. (Solter et al. 1970) as well as Stevens (Stevens
1970) observed that teratocarcinomas developed after transplantation of early mouse
embryos into adult mice. A teratocarcinoma is a malign tumor which is composed of
differentiated cells of all three germ layers as well as a population of undifferentiated
cells causing the malignity. These undifferentiated cells, embryonic carcinoma, EC
cells, can be expanded in cell culture (Andrews 2002). During establishment of an
EC cell line the cells undergo oncogenic transformation. As a result these cells have
highly unstable karyotypes resulting in chromosomal abnormalities. Moreover, EC
cells can contribute to all three germ layers in chimeric mice. In general, EC cells
have only a limited differentiation potential and due to the chromosomal abnormali-
ties they cannot undergo meiosis. The origin of EC cells is the embryoblast. It could
be shown that in transplantation experiments only embryoblast-derived cells were
able to generate teratocarcinomas. Grafts originated from other regions of the early
embryo lacked teratogenicity (Diwan and Stevens 1976).

Furthering the research on EC cells, embryonic stem cells, ES cells were iso-
lated from the inner cell mass of blastocyst stage mouse embryos in 1981 (Evans
and Kaufman 1981; Martin and Evans 1975). From these cells undifferentiated
cell lines could be established. Given the right culture conditions ES cells showed
a remarkable genetic stability even at high passage numbers. ES cells give rise
to all tissues of the adult animal and unlike EC cells can form also germ cells
(Bradley et al. 1984). The ability to contribute to the germline formed the basis of
gene targeting technology in mice (Doetschman et al. 1987; Thomas and Capecchi
1987).

The remarkable features of murine ES cells sparked interest in similar cell types
of human origin. This interest is based mainly on four reasons (Smith 2001):

i) Use of these cells to examine aspects of the embryonic development which is
otherwise not accessible. ii) Use of the cells as a basis for functional genomic anal-
yses in diploid human cells to examine and/or manipulate specific gene functions.
iii) Use of these cells as a source of large numbers of phenotypic identical human
cells for pharmacological tests (e. g. toxicity tests). iv) Use of the cells for tissue
engineering and regenerative medicine.

Human pluripotent cells were first described in 1998 (Thomson et al. 1998). The
definition of ES cells maintains that these cells are able to generate chimaeric off-
spring and especially that they contribute to the germline. In human beings this
definition can not be tested for obvious ethical reasons. Despite such limitations
in human ES cell research important differences in the biology of human ES cells
and murine ES cells have been established. One major difference between mouse
and human ES cells concerns the regulation of pluripotency. Mouse ES cells are
usually maintained on fibroblast feeder cells. The feeder cells produce leukemia
inhibitory factor, LIF as the major factor preventing differentiation while maintain-
ing high proliferation. Mouse ES cells grow without feeder cells when sufficient
LIF is added to the culture medium (Smith et al. 1988; Williams et al. 1988). Vice
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versa it was shown that feeder cells lacking LIF are unable to prevent the differ-
entiation of ES cells (Stewart et al. 1992). LIF belongs to the interleukin family
of cytokines. Following binding to its cognate receptor LIF triggers an intracellu-
lar signal cascade resulting in activation of the transcription factor STAT3 (Bur-
don et al. 1999a; Burdon et al. 1999b). By using a constitutively active variant
of STAT3 it could be shown that this activation was sufficient to maintain self re-
newal of ES cells (Matsuda et al. 1999). In the absence of a STAT3 signaling, LIF
activates the mitogen activated protein kinase, MAPK pathway. This pathway in
turn activates extracellular signal regulated kinase, ERK. ERK activation alone pro-
motes the differentiation of ES cells (Burdon et al. 1999b). Thus continuous LIF
activity and prolonged inhibition of the MAPK cascade enable the establishment
of ES cell lines (Buehr et al. 2003). This example shows that the maintenance of
self renewal and pluripotency depend on a fine balance of inhibitors and activators.
Small amounts of bone morphogenetic protein 4, BMP-4, are also required for ES
cell renewal. This quantity of BMP-4 is included in the serum added to the cul-
ture medium (Ying et al. 2003). BMPs were originally detected in association with
bone growth, hence their name. For the self renewing of ES cells the cooperation
of LIF and BMP is necessary. BMP inhibits neuroectodermal differentiation In the
presence of LIF. Without LIF and STAT3 activity, BMP induces the differentiation
into endodermal and mesodermal cell types. Thus the LIF cascade acts as a molecu-
lar master switch changing the action of BMP from an inductor to an inhibitor of
differentiation.

In human ES cells unlike in murine ES cells, LIF is dispensable for maintaining
pluripotency (Daheron et al. 2004; Reubinoff et al. 2000; Thomson et al. 1998).
Furthermore, adding of BMP to human ES cells does not maintain pluripotency, but
induces the differentiation into trophectoderm (Xu et al. 2002). In human ES cells,
LIF is replaced by basic fibroblast growth factor, bFGF/FGF2. Further essential
factors necessary to maintain pluripotency are the transcription factors Oct4 (Niwa
et al. 2000; Pesce et al. 1998; Ying et al. 2003), and Nanog (Chambers et al. 2003;
Mitsui et al. 2003).

Generally ES cells remain pluripotent because they employ several mechanisms
preventing differentiation. Intriguingly ES cells have an unusual cell cycle in that
they lack signal pathways crucial for controlling the cell cycle in most other cells
(Burdon et al. 2002). Interestingly STAT3 activity can influence the cell cycle. One
of the first reactions of mouse ES cells following LIF withdrawal is a change in
cell cycle and an immediate start of differentiation. It is increasingly evident that
epigenetic mechanisms can profoundly regulate the expression profile of a cell,
e.g. by affecting chromatin structure and genome wide methylation patterns (Chen
et al. 2003; Rasmussen 2003; Rugg-Gunn et al. 2005). How do the key genetic
factors and the epigenetic mechanisms act together? On a practical note this ques-
tion is very important, because the mechanisms rendering ES cells pluripotent
may be identical with the mechanisms returning or “reprogramming” a differen-
tiated cell to a pluripotent cell (Takahashi and Yamanaka 2006). Practical know-
ledge in this area will advance therapeutic cloning and cell replacement therapy
alike.
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9.2.4 Adult Stem Cells

By definition an adult stem cell is an undifferentiated cell found among differen-
tiated cells in a tissue or organ which can renew itself or differentiate to yield the
major specialized cell types of that tissue or organ. Research on adult stem cells
started about 40 years ago. In the 1960s, researchers discovered that the bone mar-
row contains at least two kinds of stem cells. One population, called hematopoietic
stem cells, HSCs, forms all the types of blood cells in the body. This knowledge
is applied daily throughout the world when bone marrow or HSC transplants are
administered. HSCs from bone marrow have been used in transplants for more than
30 years (Gatti et al. 1968).

A second population, called bone marrow stromal cells, MSCs, was discovered
a few years later (Friedenstein 1968). MSCs are a mixed cell population generating
bone, cartilage, fat, and fibrous connective tissue. In the 1960s, scientists studying
rats discovered two regions of the brain containing mitotic cells generating neu-
rons. Despite these early reports, most scientists continued to believe that neurons
never regenerated in the adult brain, but were strictly post-mitotic. Only in the 1990s
scientists realized that the adult brain indeed harbors stem cells able to generate as-
trocytes and oligodendrocytes as well as neurons.

The primary role of adult stem cells is tissue repair. Unlike ES cells, which have
a clearly defined origin tissue (the inner cell mass of the blastocyst), the exact lo-
cation of adult stem cells in mature tissues is unknown. Adult stem cells have been
isolated from many organs and tissues including brain, bone marrow, peripheral
blood, blood vessels, skeletal muscle, skin and liver. It is generally believed that
stem cells reside in a specific niche tissue within bulk (Blanpain et al. 2004; Dao
et al. 2007; Lin 2002). This stem cell niche ensures that stem cells remain quiescent
for many years until they are activated by disease or tissue injury. We have deter-
mined that hepatocyte growth factor can potentially mobilize adult stem cells from
bone marrow (Neuss et al. 2004).

Adult stem cells show remarkable plasticity in that they differentiate into a num-
ber of different cell types, given the right conditions (Blau et al. 2001). Bone marrow
stromal cells (MSCs) give rise to a variety of cell types like bone cells (osteocytes),
cartilage cells (chondrocytes), fat cells (adipocytes), and other kinds of connective
tissue cells such as those in tendons (Pittenger et al. 1999) depending on the kind of
differentiation protocol employed (Figs. 9.2 and 9.3).

Neural stem cells in the brain give rise to nerve cells (neurons) and two categories
of non-neuronal cells — astrocytes and oligodendrocytes (Rietze et al. 2001). Epithe-
lial stem cells in the lining of the digestive tract occur in deep crypts and give rise
to absorptive cells, goblet cells, Paneth cells, and enteroendocrine cells. Skin stem
cells occur in the basal layer of the epidermis and at the base of hair follicles (Toma
et al. 2001). The epidermal stem cells give rise to keratinocytes, which migrate to
the surface of the skin and form a protective layer. The follicular stem cells can give
rise to both the hair follicle and to the epidermis.

A substantial number of publications have thus suggested that adult stem cells
are multipotent. This ability has been questioned (Wagers and Weissman 2004),
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Fig. 9.2 Common differentiation protocols for adult mesenchymal stromal cells. Basal medium is
Dulbeccos modified Eagles medium (DMEM) including 10% fetal calf serum. Media supplements
and treatments are as listed. ITS is 5 mg/ml insulin, 5 mg/ml transferrin and 5 pg/ml selenic acid.
DM, differentiation medium, MM, maintenance medium

because several alternative explanations for the observed “transdifferentiated” cell
phenotypes also exist.

Thus the plasticity of adult stem cells is still a hotly debated issue (Aranguren
et al. 2007; Dao et al. 2007; Jahagirdar and Verfaillie 2005; Pelacho et al. 2007;
Ross et al. 2006; Ross and Verfaillie 2007; Serafini and Verfaillie 2006; Snykers
et al. 2006). It is unknown how many kinds of adult stem cells exist in the body
and where. Some data suggest that the “plasticity” of adult stem cells is largely an
artifact of extended culture periods. Furthermore cell fusion (Ying et al. 2002) of
genetically or chemically labeled implanted cells with recipient cells have fooled
several researchers into believing that the implanted cells had attained characteris-
tics of the recipient tissue (Fig. 9.4). These issues need to be resolved, before a final
statement about plasticity of adult stem cells can be made.

9.2.4.1 What Distinguishes Embryonic from Adult Stem Cells?

In summary, embryonic and adult stem cells each have advantages and disadvan-
tages regarding their potential use for cell based regenerative therapies. Firstly MSC
and ES cells differ in the number and type of differentiated cell types they can be-
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Fig. 9.3 Differentiation of MSC into osteoblasts, adipocytes and chondrocytes. The distinguish-
ing phenotype of each cell type is stained by von Kossa stain (mineral deposits), Oil Red O (fat
vacuoles). Chondrocytes develop only in 3D cultures formed by compacting a cell pellet by cen-
trifugation
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Fig. 9.4 Alternative explanations of “plasticity” and “transdifferentiation” of cells. In transdiffer-
entiation, a cell becomes several cell types without de-differentiating. Pluripotent cells have even
higher differentiation potential. “New” cell phenotypes can however, also arise from impure, mixed
cell populations or from cell fusion

come. Pluripotent ES cells can potentially become all cell types of the body. Adult
stem cells are generally limited to differentiating into different cell types of their
tissue of origin.

ES cells can be grown to large numbers relatively easy, while MSCs are rare and
methods for substantially expanding their numbers in cell culture have not yet been
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worked out. This is an important distinction, as large numbers of cells are required
for regenerative medicine and tissue engineering procedures.

One important advantage of MSCs over ES cells is that the patient’s own cells
could be expanded in culture and subsequently administered to this patient. Using
a patient’s own MSCs should avert immunological rejection, because of the auto-
logous source. In contrast, any form of allograft or xenograft transplantation would
require the use of life-long immunosuppression. The major perceived disadvantage
of ES cells is teratogenicity. This is the natural down-side of their exceedingly high
proliferation and plasticity. Any ES cell based tissue engineering would hence re-
quire strict culling of undifferentiated precursors.

9.2.5 Perspectives

Dedifferentiation and reprogramming of cells are very powerful in rejuvenating
adult cells into an ES cell-like state. One of the earliest successful strategies along
these lines was cloning by nuclear transfer (Paterson et al. 2003; Wilmut et al. 1997).
Transferring the cell nucleus of a fully differentiated body cell into an enucleated
oocyte creates a zygote that is capable of developing into a clone of the nuclear
donor animal like in the case of the sheep “Dolly”. This “reproductive cloning”
procedure can be terminated after embryo implantation and novel ES cells can be
isolated from the blastocysts that developed from the oocytes. ES cells and tissues
derived that way are immunologically identical to the nuclear donor and should thus
be an ideal source for therapeutic purposes in that donor. Hence the term “therapeu-
tic cloning” for this procedure to generate donor-matched ES-cells and tissues. Re-
programming can also be achieved by cellular fusion (Tada et al. 2003), admixing of
cell extracts, and by extended in vitro cell culture (Collas and Taranger 2006; Collas
et al. 2006; Hakelien et al. 2005; Taranger et al. 2005). The crucial factors required
for reprogramming of mouse cells have recently been identified in an elegant study.
Two Japanese researchers successfully rejuvenated cells of adult mice to a cell type
similar to ES cells (Takahashi and Yamanaka 2006) by introducing just four genes
necessary and sufficient to convert adult cells into pluripotent cells: Oct3/4, Sox2,
c-Myc, and KIf4.

Several adult stem cell populations, called multipotent adult progenitor cells,
MAPCs (Breyer et al. 2006; Verfaillie 2005) or unrestricted somatic stem cells,
USSC (Kogler et al. 2004) are published. Last not least CD117 positive stem cells
were isolated from amniotic fluid, AFS cells. These cells could produce cell types
representing the three primary embryonic lineages mesoderm, ectoderm and defini-
tive endoderm (De Coppi et al. 2007). AFS cells represent about 1% of the cells
found in the amniotic fluid. The cells could be expanded for over 250 doublings
without loss of telomere length. Moreover AFS cells expressed markers of pluripo-
tency, Oct4 and the stage specific embryonic antigen 4, SSEA-4. Other markers for
ES cells were not detected. These cells also expressed markers characteristic for
mesenchymal and neuronal stem cells, but no markers of hematopoietic stem cells,
HSCs. Importantly, unlike ES cells, AFS cells never produced teratomas when trans-
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planted to animals. In summary AFS cells differ from pluripotent ES cells and from
multipotent MSCs therefore may represent a new class of stem cells. They are eas-
ily grown without feeder cells and are readily available from amniocentesis samples.
The obvious advantages of AFS cells may render these cells useful for regenerative
medicine, tissue engineering, gene therapy and drug screening.

9.3 The Material

9.3.1 Scaffolds — Support Materials to Grow Cells into Tissues

Scaffold materials suitable for tissue engineering vary in porosity, composition, and
biodegradability to best mimic the requirements of the organ to be replaced. Further-
more the physiological tissue morphology and function can be fine tuned by gener-
ating increasingly complex and structurally organised implants, which are aligned
to the target organ structure. Bone tissue engineering is a prime example where this
has been thoughtfully considered. Bone is a complex tissue with highly porous mor-
phology in the spongy bone and with solid compact structure in the cortical bone.
The tissue engineering of bone requires strategies to design 3D scaffolds that closely
mimic the anatomical organization of bone and its tissue matrix. Changes in scaf-
fold geometry may impact the flow of medium across the scaffold and thus affect
the supply with gases and nutrients and the removal of metabolites (Detamore and
Athanasiou 2003). For any given porosity, different geometries will lead to differ-
ent effective stiffness (Hollister 2005). An increase in pore size in various scaffolds
was associated with increased vascularisation and osteointegration in vivo, but the
increased pore size reduced mechanical stability of the scaffold (Karageorgiou and
Kaplan 2005). In order to create a mechanically and biologically functional implant,
a compromise was found making the best use possible of the available materials
(Muschler et al. 2004).

9.3.2 Vascularisation and Blood Supply in Tissue Engineering

Proper blood supply is a major problem that must be solved to achieve a successful
organ replacement by a tissue engineered construct. The importance of vasculari-
sation is illustrated by examples from several pathological conditions including is-
chaemic heart disease (Fukuda et al. 2004) and diabetic ulcers (Bennett et al. 2003).
Impaired wound healing in the case of diabetic ulcers occurs due to the lack perfu-
sion resulting in oxygen and nutrient supply as well as inadequate removal of waste
products (Patel and Mikos 2004). Stimulation of angiogenesis much improved heal-
ing of diseased tissues (Hughes et al. 2004). The process of vascularisation requires
angiogenesis, the formation of new vessels from endothelial precursors. One strong
angiogenic stimulus is hypoxia (Bicknell and Harris 2004). The best-known an-
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giogenic factor is vascular endothelial growth factor, VEGF, which stimulates cells
to produce matrix metalloproteinases, MMPs, degrading the surrounding extracel-
lular matrix. This in turn creates a highly pro-angiogenic environment prompting
endothelial cell migration and proliferation. Subsequently, pericytes proliferate and
migrate towards newly formed vessel sprouts and induce maturation by forming
a single cell layer around the vessel sprout (Bruick and McKnight 2001; Hoeben
et al. 2004). A second growth factor with high angiogenic potential is basic fibro-
blast growth factor, bFGF/FGF2. This factor prompts endothelial cells to produce
both MMPs and VEGF and increases VEGF receptor expression thus enforcing the
VEGEF signal and locking endothelial precursor cells into a mature phenotype. Like
VEGE, FGF2 stimulates endothelial cell migration, pericyte attraction and matrix
deposition (Presta et al. 2005). Both growth factors act synergistically and may be
applied together to achieve fully developed mature blood vessels (Asahara et al.
1995; Giavazzi et al. 2003; Laschke et al. 2006).

Biomimetic principles are applied to optimize cell performance on the scaffold
material. For instance, to increase the vascularisation of tissue engineered constructs
the pore size of a scaffold has been varied to match an optimum diameter for cellular
adhesion and migration (~100 pum) (O’Brien et al. 2005). Furthermore, endothelial
cells and fibroblasts were combined in gelatine coated polystyrene scaffolds in or-
der to kick-start robust angiogenesis in vitro, prior to transplantation (Rickert et al.
2003). The addition of glycosaminoglycans and growth factors likewise increased
angiogenesis in vivo (Pieper et al. 2002). Finally, the addition of VEGF and FGF2
bound to its natural ligand, heparin (Nillesen et al. 2007) or to hyaluronan hydro-
gels (Pike et al. 2006) greatly enhanced the vascularization of implanted scaffolds
in experimental animals.

9.3.3 Scaffold Material Influences Cell Behaviour

Materials themselves can greatly influence cell behaviour through chemical com-
position or surface topology. Taking 2D cell culture to 3D-culture of cells can also
greatly influence cell behaviour due to compartmentalisation. Our knowledge of
material control of cell behaviour and the influence of surface chemistry, initial pro-
tein and cell adhesion/morphology and ultimately differentiation is still limited. The
physicochemical properties of the bulk material, including topography, chemistry,
and surface energy modulate protein adsorption in terms of adsorbed species density
and biological activity (Garcia and Keselowsky 2002). Substrate dependent differ-
entiation translates into altered cellular functions, including adhesion, spreading,
migration, and differentiation (Chen et al. 1998; Garcia et al. 1999; Gorbet and
Sefton 2001; Grinnell and Feld 1982; Shen and Horbett 2001). Cell adhesion to ad-
sorbed proteins is primarily mediated by integrin receptors (Hynes 2002). Integrins
represent a widely expressed family of heterodimeric transmembrane receptors that
bind to adhesive motifs present in various extracellular matrix proteins, including
fibronectin, vitronectin, laminin, and collagen (Hynes 2002; Ruoslahti and Piersch-
bacher 1986). Following ligand binding, integrins cluster and associate with cy-
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toskeletal elements to form so-called “focal adhesions”, supramolecular assemblies
of structural and signalling proteins that provide anchorage forces and activate sig-
nalling cascades regulating cell cycle progression and differentiation (Geiger et al.
2001). Many biomaterials are designed to prevent non-specific protein adsorption
and to favour specific interactions e. g. by presenting short biomimetic motifs, such
as the tripeptide sequence of the amino acids RGD (arginine, glycine, aspartic acid),
to promote cell adhesion (Hubbell 2003; Langer and Tirrell 2004). The use of self-
assembled monolayers, SAMs to create a well-defined surface chemistry with se-
lective binding of integrins increases the ligand density and specificity. SAMs are
ordered molecular assemblies formed by the adsorption of an active surfactant onto
a solid surface (Ulman 1996). These thin crystalline films are an ingeniously sim-
ple, yet powerful approach to modifying the surface properties of a material. A pri-
mary advantage of SAMs is that fine-tuning the terminal chemistry can greatly alter
the macroscopic properties of the surface. Such surface properties include wettabil-
ity, cytotoxicity and protein/cellular adhesion. Using alkanethiol SAMs with well-
defined chemistries (OH, CH3z, NH, and COOH) and fibronectin-coating sustained
the growth of myoblasts and osteoblasts, which are hard to grow otherwise. The
modifications were found to modulate integrin binding to the absorbed fibronectin.
Thus material properties direct protein adsorption and thus binding of specialized
cell types (Keselowsky et al. 2005; Keselowsky and Garcia 2005; Lan et al. 2005).

Development of novel biomaterials is incremental and involves rational design
and repeated testing to improve performance. Contemporary approaches focus on
the development of parallel, combinatorial strategies, and the development of large
libraries of polymeric biomaterials (Anderson et al. 2003; Brocchini 2001; Broc-
chini et al. 1998). Using an array spotter and simple acrylate chemistry Anderson
et al. developed a platform enabling nanoliter scale synthesis and cell-based screen-
ing of 1728 individual polymeric spots of microarrayed biomaterials in contact with
human ES cells. Using this approach the authors identified polymers that control
ES cell attachment and spreading, cell type specific growth, and growth factor spe-
cific proliferation. Surprisingly, a variety of materials mediated differentiation of
ES cells into epithelial-like cells (Anderson et al. 2004). This method enabled the
rapid screening of diverse biomaterials within one chemical class. The method can
potentially be further adapted to allow for high throughput screening of polymers
of increasing complexity. As a proof of principle an array of blends of well char-
acterised biodegradable polymers assembled in 3456 spots was tested with regards
to human MSC compatibility, bovine articular chondrocyte and murine neural stem
cell growth (Anderson et al. 2005).

Further studies combined high throughput screening methods with automatic
high content image analysis to rapidly assay for material effects on cell behavior
(Abraham et al. 2004; Ghosh et al. 2007). Genome wide expression profiles will
undoubtedly further boost our knowledge of biomaterials design to produce tailor
made scaffolds for tissue engineering. Genome wide alterations of gene expression
will detect early changes in cell adhesion, metabolism, proliferation, and differentia-
tion. One simple example how a material can influence the genome-wide expression
pattern of cells is shown in Fig. 9.5.
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Fig. 9.5 Human mesenchymal stromal cells (MSC) were grown on PVDF mesh. Top: A Scanning
micrograph of cells on scaffold. B fluorescence micrograph of cells stained with FITC-phalloidin
depicting the actin cytoskeleton. Actin fibres show the cell orientation in relation to the scaffold.
Bottom: The cells were analyzed by genome-wide RNA expression profiling. Cells were grown on
PVDF mesh (M) or on tissue culture plastics (Con). Differentially expressed genes are illustrated
in a Venn diagram (A), a scatter plot (B) and a hierarchical cluster (C) illustrating the entirety of
genes analyzed (A), the most highly regulated genes (B) and their kins (C). The expression patterns
varied with the material

Fig. 9.6 Biomaterial sheets and meshes were implanted subcutaneously in wildtype (+/+) or
fetuin-A knockout mice (—/—). Explanted materials were stained with hematoxilin/eosin. Dark
red staining indicates calcified lesions. Note that material C was highly prone to dystrophic calci-
fication, while material B did not calcify at all in this stringent animal model
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The implantation model shown in Fig. 9.6 was chosen to test the calcification
of materials in a very stringent way that can otherwise only be achieved by long
term implantation. Animal testing should also include disease models in which the
implanted tissue engineered substitute will compensate for lost organ function. For
example tissue engineered bone or cartilage constructs should be tested in a critical
size defect precluding regeneration by endogenous repair mechanisms. Examples
for successful integration of tissue engineered bone may be found e.g. in the work
of Bruder 1998 and Livingston 2002 (Bruder et al. 1998; Livingston et al. 2002).
Both groups implanted cell seeded 3D scaffolds into critical size defects. The tissue
engineered constructs were able to bridge the bone defects in canine and rat femora,
but cell free scaffolds were not, proving the critical role of cell seeding in this ap-
proach. Similar repair was achieved when tissue engineered constructs were used
to fill a large, high load bearing osteochondral defect in rabbits (Shao et al. 2006).
Bridging a critical size defect is also important in tissue engineering approaches for
the repair of spinal cord injuries. In the field of neurological repair functional re-
covery is best tested in behavioral studies, which yield information about sensory
and motor reflexes. Several attemps were made to fill spinal cord defects with cell
seeded 3D scaffolds to build a conduit directing growth of axons (Prang et al. 2006;
Rochkind et al. 2006; Sykova et al. 2006).

Morphological regeneration was routinely reported but unfortunately, not all of
those studies included behavioural tests precluding a final assessment of outcome.

Animal models can be made highly discriminating by using transgenic animals.
For example, mice deficient in fumarylacetoacetate hydrolase (Fah), a metabolic
enzyme catalyzing the final step of tyrosine catabolism, die within 12 hr after birth
from hypoglycemia and liver dysfunction (Grompe et al. 1993). Implanting func-
tional pancreatic cells (Wang et al. 2001), or bone marrow (Vassilopoulos et al.
2003) rescues this lethal defect. Another transgenic model employed the mouse ma-
jor urinary protein-urokinase-type plasminogen activator fusion transgene, which
induces diffuse hepatocellular damage at 3 weeks of age (Heckel et al. 1990). In
this model it was shown that implanted murine ES cells augmented liver regenera-
tion (Heo et al. 2006).

In conclusion, valid in vivo test systems must be used to show function of a tissue
engineered construct in the complex environment of living animals. These models
should be highly standardized to keep results consistent and comparable. Testing
function and morphology as the readout of proper integration of tissue engineering
organs far exceeds the limitations of cell based testing, which is highly dependent
on cell culture conditions, cell types and sources, different donor animal strains,
different scaffolds, choice of biomaterials etc.

9.3.4 Commercial Tissue Engineered Products

Few commercial tissue engineered products have entered the market. Biological
wound dressings for the treatment of burns, chronic ulcers, and surgical wounds
still are the only products with US Food and Drug Administration, FDA approval.



9.3 The Material 207

Two well known products in this area are Apligraf® and Dermagraft®. Apligraf® is
bi-layered mimicking the structure of skin. This skin equivalent comprises a dermal
equivalent derived from neonatal foreskin fibroblasts in contracted type I collagen
matrix and an epidermis generated by neonatal keratinocytes seeded onto the dermal
equivalent (Sabolinski et al. 1996). Dermagraft® is composed of neonatal foreskin
fibroblasts, cultured on Polyglactin 910® a bioresorbable scaffold made of a co-
polymer of glycolic acid and lactic acid, PGA/PLA. The product does not have
an epidermis equivalent (Marston et al. 2003). Another innovative skin substitute,
OrCel® is not currently commercially available. Like Apligraf®, OrCel® is a bilayer
dressing resembling normal skin. The product is composed of type I collagen in
which epidermal keratinocytes and dermal fibroblast, derived from neonatal foreskin
tissue, are cultured in two layers. Fibroblasts are placed within the porous sponge
while keratinocytes are seeded on the nonporous side of the matrix (Ruszczak 2003).
Apligraf® and Dermagraft® took considerable time from development to approval.
The time between initiating clinical trials in leg ulcer repair and product launch was
68 months for Apligraf®. Earning approval for one additional application in diabetic
foot ulcers took another 51 months. This illustrates the challenges ahead in getting
FDA approval for tissue engineered products.

Another example for successful tissue engineered implants is an autologous blad-
der construct for patients with end-stage bladder disease reported by Atala and col-
leagues in 2006. Bladder biopsies (1 —2cm?) were taken to obtain urothelial and
muscle cells. After six weeks in culture about 7 x 10® cells of each cell type were
obtained to construct one tissue engineered bladder. The exterior surface of a poly-
meric scaffold was seeded with smooth muscle cells. 48 hours after the smooth mus-
cle cells seeding urothelial cells were added to the inside of the scaffold. Two dif-
ferent types of scaffolds were used. One was made of homologous cell-free bladder
submucosa and the second was a biodegradable composite scaffold made of colla-
gen and poly glycolic acid, PGA. The scaffold was shaped into a three-dimensional
bladder using a computer-generated cast created specifically for each of the patients.
The total thickness of the scaffold was about 2 mm. All scaffolds were sterilized with
ultraviolet light followed by ethylene oxide. The entire tissue engineering process
took seven to eight weeks. The engineered bladders improved the function of the
residual bladder for a period of at least five years. Additional studies are underway
to test the long term function and safety of tissue engineered bladders (Atala et al.
2006).

Regenerating teeth is another area where tissue engineering showed promising
results in animal models. Murine embryonic teeth were used to form dental struc-
tures. Tooth bud cells were seeded onto PGA and polyglycolide-co-lactide, PLGA
scaffolds. The constructs were implanted into adult rats and formed tooth tissue
including primary and reparative dentin and enamel (Duailibi et al. 2004; Young
et al. 2005). The next major advance was reconstruction of teeth and its associa-
ted periodontal root. To this end swine postnatal tooth stem cells including cells
from root apical papilla and periodontal ligament stem cells were seeded onto a root
shaped block of hydroxyapatite/tricalciumphospate, HA/TCP with an inner chan-
nel space that would allow subsequent mounting of a porcelain crown. This con-
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struct was implanted into the cavity of an extracted tooth. The HA/TCP block was
coated with protective foam. Three months after implantation mineralized root-like
tissue had formed and the periodontal ligaments had regenerated. Using this prim-
itive “tooth stump” as a basis a porcelain crown was affixed. Four weeks onward
the root/periodontal structure had regenerated. This newly grown root significantly
improved compressive strength of the entire artificial tooth when compared to sim-
ple HA/TCP blocks (Sonoyama et al. 2006). These promising results in a pig model
raise hopes for tissue engineered human tooth and root restoration because of close
similarities between swine and human dental tissue.

In summary the combination of cells and material scaffolds into tissue engineered
tissue replacements or even organs poses a formidable tasks. Apart from biological
and technical problems, which — despite all ingenuity — do not easily yield, two
really big hurdles remain at the end of any development: regulatory approval (for
safety reasons) and commercial viability (for lack of health insurance compensa-
tion). These hurdles were certainly out of scope in this contribution, they may be
out of reach for most basic scientists, but one should never loose them out of sight.
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Science may set limits to knowledge, but should not set limits to imagination.

Bertrand Russell

Abstract One of the goals of bioengineers today is to answer the basic question of
how individual cells, which together comprise an entire living being, communicate
and interact with one another and the physical and chemical environment in which
they reside.

In this chapter, we will focus on the micro and nano technologies that have been
used to investigate the regulation of cell functions by micro and nano features in ma-
trix distribution, surface topography and three-dimensional (3D) microenvironment,
and explore the technologies that can be applied to the fabrication of functional tis-
sue constructs.

10.1 Overview

One of the goals of bioengineers today is to answer the basic question of how in-
dividual cells, which together comprise an entire living being, communicate and
interact with one another and the physical and chemical environment in which they
reside. Beginning with a single cell, these processes proceed with repeatable and re-
dundant elegance and cells divide, differentiate, migrate, and morph into a complete
and functional organism. There has always been a fascination with this process, and
the evidence of primitive microscopes dates back over 400 years. However, it is not
until recently that we have the technology to not only observe, but also manipu-
late and change the micro and nano environment around cells, and determine what
impact the surrounding environment has on cellular processes.

Beyond that, another lofty goal of many bioengineers today is to develop func-
tional tissues for patients suffering from various diseases. A seminal 1997 paper
showed a human size ‘ear’ on the back of a mouse [1]. Ten years later, tissue-
engineered skin has been used in clinics, and we are still striving to engineer more
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functional tissue and organ replacements for clinical applications. While the prob-
lem of immune rejection is a huge issue in the field, another problem has been form-
ing fully developed tissues and organs in the first place. In particular, it has proven
very difficult to ‘grow’ in the laboratory the more complex tissues in the body, such
as arteries, cardiac tissue and neural tissues. It has become clear that simply seeding
cells in various scaffold materials may not be enough to make a functional tissue,
and there are many problems with tissue remodeling over time, matching mechan-
ical properties, and even just simply matching cell organization to native tissue. In
order to guide and control cell function for tissue engineering, we need to have more
in-depth understanding of cell interactions with physical and chemical factors in the
microenvironment and also need to develop new technologies for tissue fabrication.

Recent technological advances in microfabrication and nanotechnology indus-
try over the past decade have made many new ways of examining and engineering
biological processes possible. Cells themselves are on micron scale, ranging from
about 10 microns to 100 microns in diameter. Even smaller, proteins range from
nanometers (e. g., integrins) to the hundreds of nanometers (e. g., collagen fibers).
Cellular behavior and processes take place on this micro and nano scale, and now
that modern technology has caught up with nature, we are able to probe, examine,
manipulate, and wonder at the amazing machinery that maintains life. Not only are
we able to use this technology to study cell behavior, but we can also utilize this
technology as a way to create new therapies and engineer tissues that are function-
ally similar to native tissues.

In this chapter, we will focus on the micro and nano technologies that have been
used to investigate the regulation of cell functions by micro and nano features in ma-
trix distribution, surface topography and three-dimensional (3D) microenvironment,
and explore the technologies that can be applied to the fabrication of functional tis-
sue constructs.

10.2 Regulation of Cell Functions by Matrix Patterning

10.2.1 Matrix Patterning

Extracellular matrix (ECM) molecules such as fibronectin, collagen, laminin and
elastin are large multi-domain glycoproteins with a multitude of functions. They
not only bind and support cells via integrins but also are actively involved in sig-
naling cells and sequestering as well as modulating the function of other signaling
molecules. Micropatterning of matrix molecules on cell culture substrates allows for
the specific control of cell size, shape, growth, migration and differentiation. Such
studies have elucidated the effects of both chemical signaling and spatial ECM pat-
terning on cell functions.

Matrix micropatterning involves fabricating two-dimensional (2D) cell culture
substrates with cell adhesive regions and cell repulsive regions. The simplest method
relies on the use of polymer molds that allow either physical or fluidic patterning of
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molecules on cell culture substrates [2]. To fabricate the molds for micropatterning,
a micropatterned silicon wafer is made using photolithography, a technique com-
monly used to fabricate microelectronic devices. The photolithography process con-
verts a geometric shape in a mask into topographical features on the surface of a sil-
icon wafer that is pre-coated with photoresist. Then, the micropattern on the silicon
wafer is transferred to a elastomeric polymer mold such as a poly(dimethylsiloxane)
(PDMS) stamp using soft lithography techniques. The polymer mold can be de-
signed for microcontact printing or microfluidic patterning, the two most commonly
used methods of micropatterning.

For microcontact printing, the polymer mold has “posts” in the shapes and sizes
of the desired micropattern (Fig. 10.1A). The molds are inked with molecules to be
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Fig. 10.1 Two techniques for micropatterning ECM. A Microcontact printing. B Microfluidic pat-
terning
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patterned, which can either be the matrix molecules themselves or other molecules
that attract matrix molecules. After the polymer mold has been inked, it is brought
in conformal contact with the cell culture substrate to transfer the molecules from
the mold to the cell culture substrate in the desired patterns. The remaining re-
gions on the cell culture substrate are then blocked with appropriate molecules (e. g.,
polyethylene glycols) to prevent cell adhesion to those regions. Instead of microcon-
tact printing the ECM molecules themselves, other molecules such as alkanethiols
may be printed. By fine-tuning the chemical composition of the alkanethiols, matrix-
attractive alkanethiols are printed into specific shapes and the remaining regions are
then blocked with matrix-repulsive alkanethiols. The cell culture substrates are then
incubated with solutions containing ECM molecules. The ECM molecules will pref-
erentially attach to the micropatterned matrix-attractive alkanethiol regions.

The technique of microfluidic patterning (Fig. 10.1B) relies on the use of polymer
molds with microchannels to control the flow or contact of fluids with cell culture
substrates. In such techniques, a polymer mold with microchannels is fabricated
using soft lithography. The mold is sealed onto the cell culture substrate. Then the
solution containing cell adhesive molecules (such as ECM) is flowed through the
microchannel formed between polymer mold and the substrate, depositing a specific
micropattern of cell adhesive molecules onto the cell culture substrate. Using two
or more inlets with a series of mixing steps downstream, it is possible to use fluidic
micropatterning to engineer gradients of soluble factors or bound ECM molecules
on cell culture substrates [3].

10.2.2 Cell Proliferation and Survival on Micropatterned Matrix

Micropatterning techniques have been used to manipulate cell spreading and mor-
phology, which have profound effects on the ability of the cell to survive and/or
proliferate. On 2D culture substrates in vitro, adherent cells tend to spread out more
than they do in vivo and exhibit higher proliferation rates. With the aid of matrix mi-
cropatterning, the relationship between cell spreading area and cell proliferation has
been clearly defined. In general, adherent cells allowed to spread out more tend to
proliferate at higher rates than cells confined to small adhesive regions. For example,
hepatocytes cultured on squares of ECM regions ranging in size from 1600 microns?
to 10,000 microns? are less proliferative and secrete more albumin when confined to
smaller regions as compared to bigger regions [2]. Endothelial cells (ECs) cultured
on very small square islands (100 microns?) of ECM undergo apoptosis at a rate sim-
ilar to their apoptotic rate in suspension culture. Increasing the cell spreading area
increases the rate of EC proliferation on micropatterned matrices. By micropattern-
ing small islands of ECM and allowing cells to spread across them, the same study
proved that it is, in fact, cell spreading area rather than the area of cell-ECM contact
that is responsible for modulating cell growth [4].

A potential clinical application for cell size control via matrix micropatterning
is to limit the proliferation of smooth muscle cells (SMCs) on vascular implants.
Hyperproliferation of SMCs on vascular implants such as stents and vascular grafts



10.2 Regulation of Cell Functions by Matrix Patterning 219

leads to restenosis. In vitro, SMCs seeded on micropatterned strips of ECM adopt
a more elongated morphology and exhibit a significantly reduced rate of prolifera-
tion as compared to SMC cultured on unpatterned substrates [5]. Thus, the concept
of modulating cell shape to control proliferation may, in one instance, be translated
to vascular implant design in order to prevent hyperproliferation of SMC in clinical
applications.

10.2.3 Cell Migration on Micropatterned Matrix

Cell migration is important for tissue morphogenesis, repair and regeneration. In
many cell and tissue engineering applications, it is necessary to control the migration
of cells to ensure proper cell organization and tissue formation. For example, the
patency of vascular grafts is greatly improved when an EC monolayer forms on
the luminal surface and separates the implant surface from blood. If an acellular
vascular graft is implanted within the body, the long-term patency of the graft relies
on the ability of the host ECs to migrate across the luminal surface of the graft
and establish an organized monolayer. Cell migration is also important for wound
healing where quick and efficient cell infiltration and organization into the wound is
critical for wound closure and prevention of infections.

Matrix micropatterning can influence cell migration in a number of ways. It may
be used to dictate the direction a cell migrates and the extent of its migration. The
shape of the cell plays a major role in influencing its migratory behavior. In fact,
a cell seeded on teardrop shaped ECM regions migrates forward from its blunt end
rather than its sharp end (Fig. 10.2A). The polarity induced by the teardrop shape
translates down to the cytoskeleton as well as the migration machinery, thus com-
mitting the cell toward a specific direction [6]. The concept of cell polarity influenc-
ing and enhancing cell migration is also further shown by the migratory behavior of
cells on thin strips of ECM. For example, ECs assume a more polarized morphology
when restricted to very thin ECM strips (e. g., 10-20 microns wide) [7]. This polar-
ized morphology translates to a polar organization of focal adhesions thus gearing
the cell toward migration along the length of the strip (Fig. 10.2B). The polar orga-
nization of focal adhesions also increases the speed of EC migration as compared to
their migration on wider strips of ECM.

Matrix micropatterning may also be used to direct cell migration through hap-
totaxis — the cell migration towards the regions of higher ECM density. By pat-
terning regions or gradients of ECM, the cell’s direction and/or speed of migration
may be controlled (Fig. 10.2C). For example, by patterning alternated matrix strips
with high and low densities of collagen, step-gradients of collagen are created [8]
(Fig. 10.2D). The crosstalk of haptotactic factors and other environmental factors
(e. g., fluid shear stress) can be studied in this system. In addition, either step gra-
dients or continuous gradients of substrate bound ECM may be used to attract and
organize cells.

A cellular function related to cell migration is neurite extension from neuron cell
bodies. Matrix micropatterning may be used to control axon specification and di-
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rect neurite extension from neurons. Axon specification of neurons is controlled by
micropatterning gradients of ECM such as laminin [9]. In this instance, the neuron
sprouts axons from its cell body where it experiences the highest density of laminin
molecules. Neurite extension may be specifically guided by culturing neurons on
very thin strips of ECM and physically restricting the growth of neurites along the
narrow strips [10]. These concepts have important implications for nerve graft de-
sign and may help improve the guidance of regenerating nerves across large injury
gaps.

10.2.4 Cell Differentiation on Micropatterned Matrix

Controlling cell shape and size via matrix micropatterning can also have profound
effects on cell differentiation. Adult bone marrow mesenchymal stem cells have
the potential to differentiate toward various mesenchymal lineages such as bone,
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fat, cartilage and tendon/ligament. By controlling the shape and spreading area of
MSC on cell culture substrates, it is possible to direct them toward fat or bone lin-
eages [11]. MSC that are allowed to adhere, spread and flatten out on large mi-
cropatterned squares preferentially differentiate toward bone lineages while those
allowed to adhere but not spread out on very small micropatterned squares prefer-
entially differentiate toward fat lineages. In these instances, the shape of the cell
directs its lineage commitment by influencing the expression and activity of specific
intracellular signaling molecules.

Matrix micropatterning has also been used to screen ECM densities and compo-
sitions for stem cell differentiation. In such systems, matrix micropatterning allows
for high throughput control over cell densities with low consumption of ECM. In
an exemplary study, microarray technology was used to study the effect of varying
compositions and densities of various ECM molecules on hepatocyte function and
mouse embryonic stem cell differentiation [12]. This high throughput matrix mi-
cropatterning approach was used to identify various combinations and densities of
ECM that specifically enhanced hepatocyte function and encouraged the differentia-
tion of mouse embryonic stem cells toward the hepatocyte lineage. This technology
may be used in future applications to screen for factors that enhance or direct differ-
entiation of adult and embryonic stem cells toward specific lineages.

10.3 Topographic Regulation of Cell Functions

The physical structure of the tissue can act as guidance for tissue morphogenesis
and remodeling. At the nano to micro level, the topography of ECM plays an impor-
tant role in regulating cell functions. Collagen, one of the most ubiquitous proteins
in the human body, is found mostly in the form of nanometer to micrometer scale
fibers. Thus, cells not only interact with ECM proteins and growth factors, but also
respond to nano and microscale topographical features in the microenvironment. For
example, the porous, stiff structure of bone that osteoblasts encounter is very differ-
ent from the soft, elastic environment that cells in arteries experience. Even within
a given tissue, the local microenvironment changes quickly on a microscale. In the
artery, the intima consists of an EC layer aligned longitudinally along the artery. In
the media, SMCs are arranged circumferentially. The physical organization of cells
within a tissue is important in dictating the function of the cells.

Microscale topographic features have been shown to regulate many aspects of
cell functions. Microtopographic patterning uses soft lithography techniques to gen-
erate various microtopographical features on PDMS or other polymer membranes.
For example, one simple pattern involves channels that can have varying widths,
depths and spacing. Similar to the micropatterned matrix strips, the microchannels
provide topographical cues that modify cell morphology and, thus, modulate cell
functions such as proliferation. For example, SMC cultured on 20-micron wide mi-
cropatterned channels have more elongated cell morphology, less spreading, and
a significant decrease in cell proliferation compared to SMCs on unpatterned sur-
faces [5].



222 10 Micro and Nano Patterning for Cell and Tissue Engineering

Microscale topographic features can also modulate cell and tissue organization.
For skeletal muscle, changing the topographical environment of the myoblasts di-
rects differentiation and organization of myotubes. In native tissue, the differenti-
ation of myoblasts into fused, multinuclear myotubes results in organized parallel
bundles of muscle fibers that can contract efficiently. In vitro, however, myoblasts
tend to differentiate and orient randomly, and display no organization. Myoblasts
cultured in vitro on PDMS membranes patterned with 10 micron wide grooves
spaced 10 microns apart differentiate into organized, parallel myotubes with de-
creased proliferation and increased myotube length compared to the myoblasts on
unpatterned surfaces [13]. Actin filaments and muscle fiber striation also align with
the microgrooves.

It is well accepted that cell migration can be regulated by topographic cues. Cells
can sense the topography of the ECM (e. g., aligned fibrillar matrices, shape, texture,
etc.) with dimensions from a few nanometers to hundreds of microns, and the migra-
tion is regulated by topographic guidance (or contact guidance) [14—16]. Similar to
cell migration on micropatterned matrix strips, the control of migration direction by
topography is likely through actin polymerization. The aligned fibril or grooves may
promote the actin polymerization and protrusion in the parallel direction, which will
result in aligned FAs and traction force in the same direction. Topographic guidance
has great potential in tissue engineering applications. Micropattened polymers and
aligned nanofibers can be used to control the structure and organization of engi-
neered tissues (see Sect. 10.4).

Furthermore, topographic patterning can be used to measure the deformation of
the cell adhesion substrate and thus the forces exerted on the substrate. For example,
micropatterning has been used to make an array of the fluorescent dots in a flexible
substrate for the measurement of traction forces exerted on ECM by migrating cells.
The displacements of fluorescence dots are mapped during cell migration, and the
traction forces are computed from the displacements of the dots and the mechanical
properties of the elastic substrate [17]. Another approach uses a microfabricated
array of vertical elastic posts coated with ECM proteins [18]. Local traction forces
at multiple subcellular positions could then be measured based upon the deflection
of these posts, which act like elastic beams under pure bending.

Similar to matrix patterning, topographic patterning can be used to control cell
functions such as proliferation, organization and migration. While matrix patterning
is more appropriate for cell culture studies in vitro, topographic patterning is rel-
atively easier to be applied to the fabrication of biomaterials with micro and nano
features on the surfaces or in 3D structures.

10.4 Engineering 3D Environments with Micro Features

The in vivo environment is a 3D space, and thus 3D in vitro examination of cell
structures and tissues is essential in identifying important structural signals that
dictate tissue function. Micro and nanotechnology make it possible to fabricate
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biomimetic tissue that can be finely controlled, resulting in 3D tissue models for
basic research or better grafts that can be easily integrated into the native tissue.
One approach is to fabricate complex 3D tissue structures using the 3D printing
technique, which produces 3D structures layer by layer from a computer-aided de-
sign model. Binder materials can be delivered by ink-jet printing to define the shape
for each layer (Fig. 10.3A); alternatively, laser beam can be used to cure the photo-
sensitive resin. This technique can be used to create structure of any geometry, and
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Fig. 10.3 Micropatterning 3D microenvironment. A 3D printing. From a computer-aided design
model of the desired structure, a slicing algorithm draws detailed information for every layer.
Each layer begins with a thin distribution of powder spread over the surface of a powder bed.
Using a technology similar to ink-jet printing, a binder material selectively joins particles where
the object is to be formed. A piston that supports the powder bed lowers so that the next powder
layer can be spread and selectively joined. This layer-by-layer process repeats until the structure is
completed. Unbound powder is removed, leaving the fabricated structure. B Dielectrophoretic pat-
terning of cells in 3D matrix. Cells in a matrix gel are sandwiched between two conductive plates,
one of which is patterned with photoresist (lower plate). The setup is subjected to an alternating
current, during which time the cells move into the areas where there is no photoresist. The gel is
subsequently polymerized with UV to hold the cells in position. C Microfluidic patterning of a co-
culture system. Matrix gels with randomly seeded endothelial cells are formed using microfluidic
patterning, followed by seeding of fibroblasts on top of the culture. After several days, the ECs
align themselves along the length of the gels, with early sprouting structures. D 3D patterning of
cells using microstamping. A 3D polymer microstamp in a matrix gel creates cavities in which
cells can be seeded. Another layer of matrix is then polymerized on top, forming tubule shaped
clumps of cells
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out of any material, including ceramics, metals, polymers and composites. Further-
more, it can exercise local control over the material composition, microstructure,
and surface texture. For example, regionally selective adhesion area and microstruc-
ture can be printed using biocompatible and biodegradable polymers [19]. However,
due to the biocompatibility issues (binder materials, laser beam) during 3D printing
process, it is a challenge to print cells into the 3D structure directly.

Another interesting use of microtechnology in 3D combines dielectrophoretic
(DEP) forces and photopolymerizable gels to control the arrangement of cells in
complex patterns [20]. Manipulation of particles, such as cells, subjected to a non-
uniform electric field, has been useful in cell separation and trapping (Fig. 10.3B).
This method utilizes this concept by patterning a metallic substrate with SU-8 pho-
toresist to form a conductive plate. A mix of cells in an unpolymerized gel is sand-
wiched between two conductive plates (one patterned with conductive areas), and
an alternating current is applied to the plates, forming areas of high electric field
strength where the insulating photoresist layer is not present. The cells move into
the areas with high DEP forces within a few minutes, and are then trapped in the
arranged configuration through UV polymerization of the gel. Subsequent layers of
cells (in the same or different patterns) can then be organized and polymerized se-
quentially in a similar fashion. This method can be useful in forming a complex,
multilayer and multicellular tissue.

The highly organized structure of capillary networks in tissue is very difficult to
reproduce in vitro. It is possible to fabricate simple 3D channels of ECM (collagen,
chitosan, fibronectin) via microfluidic patterning [21]. These 3D gels can be em-
bedded with ECs, and then seeded with fibroblasts (Fig. 10.3C). This 3D directed
co-culture results in a uniform reorganization of the ECs into a stem shape with
sprouting structures, and cell orientation that is parallel to the channel or sprouts.
These ECs are also supported by the fibroblasts in the surrounding ECM. While
these structures are not stable in the long term, it offers a proof of concept that
directional patterning of 3D structures in vitro is possible.

Similarly, a recent study used micropatterned 3D molds to examine the branching
morphogenesis of mammary gland epithelial cells [22]. PDMS molds were used to
form elongated cavities in collagen gel, in which mouse mammary epithelial cells
were seeded (Fig. 10.3D). Upon induction of branching morphogenesis via addition
of epidermal growth factor, it was observed that there was differential branching at
the ends of the tubules, and not the sides. Further testing concluded that the position
of the cells determined the signaling necessary to promote or inhibit branching.
Induction factors are mitigated along the stem of the tubules due to the autocrine
release of inhibitory morphogen, TGF-B. Overexpression of active TGF-8 inhibited
branching entirely, and rearrangement of the distance between tubules also affected
branching — the tubule ends that were most distant showed branching, but branching
was inhibited at tubule ends that were in close proximity to other tubules. This
simple model demonstrates that the position of cells dictates the concentration of
local growth factor signals that can regulate tissue morphogenesis.

These examples of 3D use of microtechnology show the different approaches that
can be taken in this field. One method may be more useful than the other, depending
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on the particular goals, but all are useful ways of observing cell behavior in 3D.
Further studies with 3D tissues will further our understanding of how these tissues
develop, grow, and maintain themselves in vitro and in vivo, and potentially lead to
improved tissue replacement options.

10.5 Nano Patterning for Cell and Tissue Engineering

While cells as a whole are in the microscale range, subcellular structures and pro-
teins are much smaller, down to nanometers. Recent advancements in technology
have resulted in fabrication of devices and scaffolds with nanoscale features, and
with this knowledge a growing field dedicated to nanotechnology has emerged. The
development of novel nanotechnologies will allow us to not only investigate cellular
processes on the nanoscale, but also develop new therapies for medical applications.

Nanofibers are nanoscale fibers composed of biological and/or synthetic poly-
mers that can be patterned into various orientations and shapes to influence cell
and tissue behavior. Nanofibers can be used to mimic the structure, morphology
and size of native ECM fibers such as collagen fibrils. A common method for fab-
ricating nanofiber scaffolds for tissue engineering is electrospinning (Fig. 10.4A).
Electrospinning is a versatile technique that may be used for both biological and
synthetic polymers. Many biocompatible and biodegradable polymers can be made
into nanofibrous structure with this technique, which offers tremendous opportu-
nities to engineer various scaffolds for many tissue engineering applications. The
basic electrospinning setup involves the controlled delivery of a polymer solution
to the tip of a spinneret that is placed with a specific distance from a grounded col-
lector substrate. A power supply is used to charge the polymer solution and create
an electrical field between the spinneret and the grounded collector substrate. The
technique relies upon the ability of the electrical field to overcome the surface ten-
sion of the charged droplet of polymer solution at the tip of the spinneret. The result
is a jet of polymer solution that travels from the edge of the droplet toward the col-
lector substrate. As the jet travels through the air the solvent evaporates, resulting
in the deposition of thin polymer fibers on the collector substrate. By varying the
collector substrate, it is possible to produce nanofiber scaffolds in various shapes
(e.g., tubes) and with varying degrees and directions of alignment. For example,
anistropic nanofiber scaffolds may be fabricated by using a rotating drum as a col-
lector. Collector substrates with air gaps also induce alignment of fibers that deposit
across the air gap [23].

Cells seeded on anisotropic nanofibers align their cytoskeleton parallel to the
fiber orientation (Fig. 10.4B). Anisotropic nanofibers may be used to restrict cell
size and shape. For example, SMCs cultured on aligned nanofibers adopt an elon-
gated morphology. Such morphology could influence SMC proliferation similarly
to the effect of ECM micropatterning or microtopographic patterning. Anisotropic
nanofibers also have profound effects on cell migration and neurite extension from
neurons. Neurons seeded on these aligned fibers preferentially extend their neurites
in directions parallel to the fiber orientations [24].
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Fig. 10.4 Electrospun nanofibers for tissue engineering. A Electrospinning setup. B The use of
anisotropic nanofibers to organize cells. Cells can respond to nanoscale features in the substrate.
Cells on random nanofibers show random orientation and are disorganized, while cells on aligned
nanofibers have organized cell-cell interactions and tissue-like structure

Anisotropic nanofiber scaffolds have the greatest potential for regenerating highly
organized tissues in the body such as tendons, ligaments, blood vessels, muscle and
nerve. In these applications, the aligned nanofibers may influence cell and ECM
alignment thus allowing the regenerated tissue to match the morphology of the na-
tive tissue. In fact, anisotropic nanofibers induce, enhance and specifically orient the
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extension of neurites from sensory neurons within dorsal root ganglion nerve tissue.
The scaffolds also enhance the fusion of myoblasts into myotubes that organize in
parallel orientation to the nanofiber alignment [13].

Anisotropic nanofibers influence cells similarly to matrix micropatterning or mi-
cro topographical patterning. However, unlike micropatterned matrices, anisotropic
nanofibers are not limited to 2D substrates or by distinct regions of cell adhesive
and cell repulsive regions. Three-dimensional biocompatible and biodegradable tis-
sue engineering scaffolds composed entirely of anisotropic nanofibers may influence
and organize cells and tissues more effectively than microfabricated scaffolds.

10.6 Perspective

In the past decade, many studies have been performed to examine the regulation of
cellular functions by the micro and nano features in the microenvironment. While
we expect to see more in-depth investigations of cell responses to micro and nano
features in different types of tissues, we are well equipped to explore the use of mi-
cro and nano technologies to fabricate biomimetic materials for clinical applications
such as tissue regeneration. Beyond the scope of this chapter, there are many other
aspects of micro and nano technologies with potential for basic research and med-
ical applications. For example, micro bioreactors can be used for high throughput
screening of cell culture conditions and factors, nanoparticles can be used for prob-
ing and imaging applications, and nanostructured materials can be used for drug
delivery. With the efforts, creativity and imagination of scientists working in this
exciting field, micro and nano technologies will have significant impact on science
and technology development in the future.

Acknowledgements We would like to thank Rahul Thakar and Kyle Kurpinski for their help in
figure preparation. This work was supported in part by grants (HL078534 and HL083900) from
National Heart, Lung and Blood Institute.



References

®

10.
11.
12.
13.

14.
15.
16.
17.

18.

19.
20.

21.
22.
23.
24.

Cao Y, Vacanti JP, Paige KT, Upton J, Vacanti CA (1997) Plast Reconstr Surg 100:297-302;
discussion 303-304

Singhvi R, Kumar A, Lopez GP, Stephanopoulos GN, Wang DI, Whitesides GM, Ingber DE
(1994) Science 264:696-698

Li Jeon N, Baskaran H, Dertinger SK, Whitesides GM, Van de Water L, Toner M (2002) Nat
Biotechnol 20:826-830

Chen CS, Mrksich M, Huang S, Whitesides GM, Ingber DE (1997) Science 276:1425-1428
Thakar RG, Ho F, Huang NF, Liepmann D, Li S (2003) Biochem Biophys Res Commun
307:883-890

Jiang X, Bruzewicz DA, Wong AP, Piel M, Whitesides GM (2005) Proc Natl Acad Sci USA
102:975-978

Li S, Bhatia S, Hu YL, Shiu YT, Li YS, Usami S, Chien S (2001) Biorheology 38:101-108
Hsu S, Thakar R, Liepmann D, Li S (2005) Biochem Biophys Res Commun 337:401-409
Dertinger SK, Jiang X, Li Z, Murthy VN, Whitesides GM (2002) Proc Natl Acad Sci USA
99:12542-12547

Clark P, Britland S, Connolly P (1993) J Cell Sci 105(1):203-212

McBeath R, Pirone DM, Nelson CM, Bhadriraju K, Chen CS (2004) Dev Cell 6:483-495
Flaim CJ, Chien S, Bhatia SN (2005) Nat Methods 2:119-125

Huang NF, Patel S, Thakar RG, Wu J, Hsiao BS, Chu B, Lee RJ, Li S (2006) Nano Lett
6:537-542

Turner DC, Lawton J, Dollenmeier P, Ehrismann R, Chiquet M (1983) Dev Biol 95:497-504
Nakatsuji N, Johnson KE (1984) Nature 307:453-455

Curtis A, Wilkinson C (1999) Biochem Soc Symp 65:15-26

Balaban NQ, Schwarz US, Riveline D, Goichberg P, Tzur G, Sabanay I, Mahalu D, Safran S,
Bershadsky A, Addadi L, Geiger B (2001) in Nat Cell Biol 3:466-472

Tan JL, Tien J, Pirone DM, Gray DS, Bhadriraju K, Chen CS (2003) Proc Natl Acad Sci USA
100:1484-1489

Park A, Wu B, Griffith LG (1998) J Biomater Sci Polym Ed 9:89-110

Albrecht DR, Underhill GH, Wassermann TB, Sah RL, Bhatia SN (2006) Nat Methods 3:369—
375

Tan W, Desai TA (2003) Tissue Eng 9:255-267

Nelson CM, Vanduijn MM, Inman JL, Fletcher DA, Bissell MJ (2006) Science 314:298-300
Li D, Ouyang G, McCann JT, Xia Y (2005) Nano Lett 5:913-916

Yang F, Murugan R, Wang S, Ramakrishna S (2005) Biomaterials 26:2603-2610

229



Chapter 11

Integrative Nanobioengineering:

Novel Bioelectronic Tools for Real Time
Pharmaceutical High Content Screening
in Living Cells and Tissues

Andrea A. Robitzki, Andrée Rothermel

Centre for Biotechnology and Biomedicine, University of Leipzig, Germany,
andrea.robitzki @bbz.uni-leipzig.de

Abstract At present, drug development and validation is still a time consuming
and cost intensive process. For highly efficient target validation, drug safety as
well as drug screening, innovative cell and tissue based sensors provide power-
ful tools that can be applied in a very early phase of the drug development cycle
and that significantly reduce costs by minimizing the failure rate of drug candi-
dates at later stages. The combination of Micro Systems Technology (MST) and
Nanotechnology (NT) as well as their integration with living cells and tissues al-
lows the development of highly efficient biological Micro-Electrode-Mechanical-
Systems (bioMEMS) or biosensors for functional real-time monitoring. The follow-
ing chapter gives an overview of various different types of biosensors and describes
several recording techniques and the practical application of biosensors for screen-
ing of multiple physiological parameters under high-content and high-throughput
conditions.

11.1 Introduction

11.1.1 Preventive Medicine and High Effective Therapies

New diagnostic real time test systems making use of nano- and microsystems tech-
nology to better measure disease-related biomarkers could and therefore offer indi-
vidual risk assessments before actual symptoms occur. Based on such an online and
real time analysis, patients could be recommended with an increased risk to take
up a personalized prevention program. People with an increased risk for a certain
disease could benefit from a regular medical check-up schedule to monitor changes
in the pattern of their relevant biomarkers or could be individually treated with in-
dividual therapies at an early time range.

If the preventive medical investigations had found an indication or already possi-
ble symptoms for a certain disease, more specific diagnostic procedures are needed.
Miniaturized biomonitoring systems will make it possible to perform bioelectronic-
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based diagnostics everywhere. Automatic methods and software programs will give
easy diagnostic results without an expert at site. Conceptually novel methods, com-
bining biochemical techniques with advanced biomonitoring by e. g. bioimpedance
spectroscopy provide insight to the behavior of single diseased cells and their micro-
environment for the individual patient. This could lead to personalized treatment and
medication tailored to the specific needs of a patient and to more effective drugs.

11.1.2 Follow-up Monitoring After Therapy —
Therapeutical Control

Medical reasons may call for an ongoing monitoring of the patient after complet-
ing the acute therapy. This might be a regular check for reoccurrence, or, in case
of chronic diseases, a frequent assessment of the actual disease status and medica-
tion planning. Continuous medication could be made more convenient by micro-
implants which controlled drug releasing or diluting modes over an extended length
of time. In-vitro as well as in-vivo diagnostic techniques play an important role in
this part of the care-process for a systematically monitoring to pick up early signs
of reoccurrence of a disease or disorder. Neurology, cardiology, and oncology are of
the areas where these techniques are already tested today. Some types of tumors can
be controlled by continuous medication extending the life expectancy. However, in
case the tumor gets resistant to a certain medication, signs of disease progression
can be immediately picked up and alternative treatments can be prescribed.

11.2 Real Time Monitoring and High Content Screening

The future of an innovative and efficient drug and therapy development will depen-
dent on technology platforms which will provide a high content and high throughput
real time screening using cell and tissue based disease models. In neurological and
cardiovascular research during the last years various novel therapies and drug candi-
dates have been developed. Nevertheless the problems are the extensive time frame
and intensive and increasing costs for the development and validation of drugs and
therapies because of a more complex drug development and a prolonged chain of
economic value added. Since 1990 [1] the pharmaceutical industry expended thrice
of economic funds whereas since 1996 the amount of applications for approval and
accreditations for New Medical Entities (15 NME in 2005) at the FDA (Food and
Drug Administration, USA) decreased dramatically [2, 3]. The costs for the devel-
opment of novel drugs in comprehension to the economic deficit of all other drug
candidates is add up to approximately 897 Mio. US $ [1]. Today the average devel-
opmental period for drugs until its readiness for marketing and accreditation is 10
to 15 years whereby the failure rate increased dramatically e. g. a drug candidate in
phase I clinical trial has a chance of approximately 8% becoming accredited [3,4].
The celerity for identification of lead structures and targets by genomics and pro-
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teomics is not correlated with the subsequent tests for drug activity and mecha-
nisms of drug effects. Preclinical trials are not sufficient for drug safety, effects, and
toxicology. Therefore, there is a need for novel cell and tissue based high content
screening systems with a modular and fractal technology platform concept for bet-
ter, ultra-fast and reliable predictions. High Content Screening (HCS) using organ-
otypic (pathologic) cell and tissue models in combination with a real time monitor-
ing would drastically reduce (i) the cost of drug development and (ii) the quote of
failures in preclinical trials (approx. 20—30%, e. g. a reduction of 10% corresponds
to 100 Mio. US $ [2]). For a high efficient target validation, drug safety as well as
drug screening and therapeutical control in innovative medicament development,
biosensors combined with cells and tissues as biological targets are in the focus of
pharmaceutical assays.

Since microfabrication techniques expand into the field of biology and medicine
more and more innovative screening methods became applicable for screening of
manifold cellular parameter. The detection of cellular alterations by means of non-
invasive bioelectronic screening techniques has fundamental advantages in com-
parison to classical methods such as molecular, histochemical or proteinchemical
analyses of single cells, tissues, organs, and other biological samples. In general
bioelectronic screening of physiological parameter can be achieved under labeling-
free and non-destructive conditions. Based on the non-invasive nature of these tech-
niques long term measurements can be performed without influencing cellular be-
havior. Hence, the cellular read out reflects the real time without disturbing effects
due to complex and long lasting physical procedures. Although these methods are
well suited to study a broad spectrum of biological and medical problems, in many
cases the real cellular information dropped away since, e. g. staining artifacts, makes
it difficult or completely impossible to interpret the extracted cellular data. In prin-
ciple, tracing of biological processes in living cell can be performed with modern
labeling techniques (generation of fluorescence labeled fusion proteins) but hold the
risk to falsify data due to the positioning of foreign substance within the cell itself.

To achieve non-invasive real-time monitoring in living cells and tissues so-
called bioMEMS (biological Micro-Electro-Mechanical-Systems) or biosensors are
promising tools for a feasible and reliable reading out of multiple physiological pa-
rameters. Substantial advances in both Micro Systems Technology (MST) and Na-
notechnology (NT) as well as their combination have open new avenues for a broad
field of application. Miniaturization of devices and surface modifications at micro-
and nanoscale enables a variety of inexhaustible applications in diagnostic and ther-
apeutic medicine, pharmaceutical industry, basic and advanced research (Fig. 11.1).
Typical examples for the application of Biosensors and bioMEMS are (i) multi-
microelectrode arrays for high content and/or high throughput drug screening and
an improved drug safety, (ii) implantable micro devices for controlled and precise
drug delivery and analysis of body functions, (iii) lab on a chip for multi-parametric
analysis of different cellular parameters of human body fluids, (iv) neuroprosthesis
for stimulation and sensing of neuronal signals within the central nervous system
(CNS) and peripheral nervous system (PNS), (v) neuronal regeneration (vi) bioma-
terials and tissue engineering for organ or tissue replacement.
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Drug Screening
Implantable Drug Cell and Tissue
Delivery Systems Replacement

Biosensors

Lab on a Chip

Fig. 11.1 Advances in new fabrication technologies such as Micro-Systems Technology (MST),
Nanotechnology (NT) and Micro-machining enables a variety of innovative applications of biosen-
sors and bioMEMS

Fabrication of biosensors or bioMEMS is founded on manufacturing techniques
originally developed by the semi-conductor industry. By using micro-fabrication
processes like thin film deposition, lithography, etching, substrate bonding and other
surface modifying techniques allow the generation of precise micro- and nanome-
ter structures (e. g. microelectrodes, microchannels, microcavities) on glass, silicon
and plastic substrates. A textbook example for application of such devices are cell
based biosensors also known as microelectrode arrays. These planar silicon or glass
based microarrays are well-suited for extracellular recording of electrogenic cells
or complex tissues via multiple substrate integrated microelectrodes, mostly consist
of noble metals such as gold, platinum, or titanium [5, 6]. In addition to planar mi-
croelectrodes, field effect transistors (FETs) embedded on glass or silicon substrates
fulfill similar and versatile functions [7-9].

Recording of electrophysiological properties by microelectrode arrays have sev-
eral advantages, especially when this method is compared with classical patch clamp
techniques. For instance, extracellular recording of field potentials by microelec-
trode arrays represents a non-destructive technique that allows long-term experi-
ments of either single and multiple cells or complex tissues (Fig. 11.2). Another
convincing argument for this method is represented by measuring alterations in
membrane potentials in parallel at 60 or more microelectrodes at the same time.
However, one of the exceptional advantages of microelectrode array based record-
ing is its time-saving and cost-effective experimental requirements. In this respect,
multi site recording via planar electrodes point out novel tools for realizing an au-
tomated and non-invasive screening, especially in terms of detecting ion channel
associated diseases and testing drugs according to their effects and side effects. Al-
though these biosensors are often used for stimulation and recording of neuronal
cells an outstanding example for extracellular recording of field potential are car-
diomyocytes since this cell type gives adequate signals based on its spontaneous
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Fig. 11.2 Cells can be cultured on a microelectrode array (left) consisting of 60 planar gold elec-
trodes, each with a diameter of 30 um (right). Electrodes are connected via thin conductor paths in
order to transfer the active cellular signal to the analyser unit

electric activity. Basically, for passive recording, cardiomyocytes can be simply cul-
tured as monolayer on the top of a microelectrode array for subsequent detection of
alterations of extracellular potentials (Fig. 11.2). Here, electric alterations caused by
ion inward and outward currents are measured between a small working and large
reference electrode. Thereafter, the signal is amplified, processed by an analog-to-
digital converter, analyzed and displayed by a computer-based software (Fig. 11.3).

In the broadest sense this type of recording is comparable to the whole cell con-
figuration of the traditional patch clamp technique. Which type of ion channels is
involved in the generation of field potentials has been shown by using a number of
selective ion channel antagonists (Fig. 11.4; unpublished by Robitzki et al.). The
negative field potential (FPmin) mainly results from the voltage dependent Na™ and
L-type Ca>* channels, whereas the repolarisation phase is predominately caused by
K™ and Iggr-type channels. Based on the curve progression it is possible to detect
influencing positive or negative effects of drugs, biologic active substances such

Microelectrode

I-CO