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Chapter 1. Three dimensional tissue 
cultures and tissue engineering 

1.  Three dimensional tissue cultures and tissue 
engineering – Basic principles 

Tissue damages caused by mechanical injuries or diseases are frequent causes of morbidity and mortality. 

Tissue injuries are normally repaired by “built-in” regeneration mechanisms. However, if the tissue regeneration 

process malfunctions or the extent of the injury is too large, organ transplant can potentially be the only 

solution. Lack of transplantable organs when other therapies have all been exhausted adversely affects the 

quality and length of patients‟ life, and is severe financial burden on the individual and society. Tissue injury 

associated diseases would become treatable using targeted tissue-regeneration or transplantation therapies. To 

provide tissues for therapy or for research to study tissue specific physiological mechanisms and diseases 

processes, the discipline of tissue engineering has evolved. 

Originally, tissue engineering was categorized as a sub-field of engineering and bio-materials, but having grown 

in scale and significance tissue engineering has become a discipline of its own. To regenerate or even to re-

create certain parts of the human body, tissue engineering uses combinations of various methods of cell culture, 

engineering, bio-materials and suitable biochemical and biophysical factors. While most definitions of tissue 

engineering cover a broad range of applications, in practice the term is closely associated with applications that 

repair or replace portions of whole tissues including bone, cartilage, blood vessels, skin, etc. 

 

Figure I-1: Basic principles of tissue engineering 

Tissues created in vitro frequently originate from embryonic or adult cells. Furthermore, in vitro generated 

tissues often need certain mechanical support and complex manipulation to achieve the required structural and 

physiological properties for proper functioning. To achieve complex tissue structures, conventional cell cultures 

(Figure I-2) where cells grow as monolayers in two-dimension (2D) can no longer be used. 
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Figure I-2: 2D tissue cultures 

Particularly, as in monolayer cultures stretched cells form a single layer only network, that is incapable to 

perform complex functions. In tissue engineering, traditional cell culture technology is replaced by three-

dimensional (3D) cell cultures (Figure I-3) where cultured cells assume a more natural morphology and 

physiology. 

 

Figure I-3: 3D tissue cultures 
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Various three dimensional tissue culture technologies have developed as tissue engineering gained impetus in 

medical research and therapy. Three dimensional culture technologies frequently apply various bio-materials 

where cells are provided with the necessary interactions to form the required tissue or organ. 

If tissues are not needed immediately, both differentiated adult primary cells as well as adult and embryonic 

stem cells can be stored in liquid nitrogen, below -150°C. 

The following chapters shall provide a brief overview of various aspects of tissue engineering including cell 

types, bio-materials, culture methods and application of engineered tissues. Clinical trials as well as ethical 

issues will also be discussed. 

2.  Cells and tissue types in tissue engineering – Stem 
cells 

Various types of cells are used in tissue engineering that can be categorized in several ways. In broad terms, 

technologies in tissue engineering make use of both fully differentiated as well as progenitor cells at various 

stages of differentiation generally known as stem cells. 

Stem cells are undifferentiated cells with the ability to divide in culture and give rise to different forms of 

specialized cells. 

According to their source, stem cells are divided into two main groups: “adult” and “embryonic” stem cells 

(Figure II-1). 

 

Figure II-1: Stem cell types 

While adult stem cells are multipotent, embryonic stem cells are mostly pluripotent except of cells in the earliest 

stages of embryonic development (fertilized egg) that are totipotent. Stem cell niches where stem cells reside in 

an embryo or any given organ are defined as stem cell microenvironments. The fate of stem cells depends on the 

effect of the microenvironment. Stem cells – depending on the stimuli – have two main ways to replicate: either 

symmetrically resulting in two daughter cells with stem cell characteristics or asymmetrically yielding a 

daughter cell with stem and another daughter cell with differentiating cell characteristics (Figure II-2). 
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Figure II-2: Types of stem cell replications I 

With the increasing number of divisions, the proliferation capacity of stem cells is decreasing favouring 

differentiated phenotypes (Figure II-3). 

 

Figure II-3: Types of stem cell replications II 

As a result, continuous proliferation signals can lead to depletion of stem cell sources. 

2.1. Characteristic stem cell types 
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Embryonic stem cells (ES). Although ethical debate is ongoing about using embryonic stem cells, embryonic 

stem cells are still being used in research for the repair of diseased or damaged tissues, or to grow new organs 

for therapy or for drug testing. Especially, as rodent embryonic stem cells do not behave the same way as human 

embryonic stem cells and require different culture conditions to be maintained. Recently, it has been discovered, 

that if stem cells are taken at a later stage not at the early blastocyst stage (3–4 days after conception), when the 

developing embryo implants into the uterus, epiblast – the innermost cell layer – stem cells form (Figure II-4), 

and these cells resemble human embryonic stem cells and had many of the same properties making it possible to 

use rodent rather than human cells in some research. 

 

Figure II-4: Epiblast stem cells 

Adult stem cells. Adult or somatic stem cells (ASC) (Figure II-5) are present in every organ including the bone 

marrow, skin, intestine, skeletal muscle, brain, etc. (Figure II-6) where tissue specific microenvironments 

provide the necessary stem cell niches where stem cells reside and where the tissue gains its regenerative 

potential from. 

 

Figure II-5: Adult or somatic stem cells 
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Figure II-6: Hematopoietic stem cells (HSCs) 

Mature cells, when allowed to multiply in an incubator, ultimately lose their ability to function as differentiated 

cells. To proliferate, differentiate and function effectively in engineered tissues, cells must be easily procured 

and readily available; they must multiply well without losing their potential to generate new functional tissue; 

they should not be rejected by the recipient and not turn into cancer; and they must have the ability to survive in 

the low-oxygen environment normally associated with surgical implantation. Mature adult cells fail to meet 

many of these criteria. The oxygen demand of cells increases with their metabolic activity. After being 

expanded in the incubator for significant periods of time, they have a relatively high oxygen requirement and do 

not perform normally. A hepatocyte, for example, requires about 50 times more oxygen than a chondrocyte 

consequently much attention has turned to progenitor cells and stem cells. True stem cells can turn into any type 

of cell, while progenitor cells are more or less committed to becoming cell types of a particular tissue or organ. 

Somatic adult stem cells may actually represent progenitor cells in that they may turn into all the cells of a 

specific tissue. If somatic stem cells are intended to be used in regenerative therapy, healthy, autologous cells 

(one‟s own cells) would be the best source for individual treatment as tissues generated for organ transplant 

from autologous cells would not trigger adverse immune reactions that could result in tissue rejection. Also, 

organs engineered from autologous cells would not carry the risk of pathogen transmission. However, in genetic 

diseases suitable autologous cells are not available, while autologous cells from very ill (e.g. suffering from 

severe burns and require skin grafts) or elderly people may not have sufficient quantities of autologous cells to 

establish useful cell lines. Moreover, since this category of cells needs to be harvested from the patient, there are 

also some concerns related to the necessity of performing such surgical operations that might lead to donor site 

infection or chronic pain while the result might remain unpredictable. Also, autologous cells for most 

procedures must be purified and cultured following sample taking to increase numbers before they can be used: 

this takes time, so autologous solutions might be too slow for effective therapy. 

Recently there has been a trend towards the use of mesenchymal stem cells from bone marrow and fat. These 

cells can differentiate into a variety of tissue types, including bone, cartilage, fat, and nerve. 

Bone marrow stem cells (MSCs). Bone marrow stem cells can be subdivided into bone marrow stromal 

(endothelial, mesenchymal) and haematopoietic lineages. All the specific progenitor types can be purified from 

the bone marrow based on their respective cell surface markers. In the bone marrow microenvironment, these 

stem cells show a functional interdependency (Figure II-7), secreting factors and providing the necessary 

cellular interactions to keep the stem cell niche suitable for all the progenitor cells. 

http://en.wikipedia.org/wiki/Mesenchymal_stem_cell
http://en.wikipedia.org/wiki/Bone_marrow
http://en.wikipedia.org/wiki/Fat
http://en.wikipedia.org/wiki/Bone
http://en.wikipedia.org/wiki/Cartilage
http://en.wikipedia.org/wiki/Fat
http://en.wikipedia.org/wiki/Nerve
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Figure II-7: Functional interdependency of bone marrow stem cells 

The ontogeny of tissue lineages in bone marrow is summarized in 8. 

 

Figure II-8: Ontogeny of tissue lineages in bone marrow 

Cord blood stem cells. The largest source of stem cells for regenerative medicine is the umbilical cord stem cell 

pool. Based on the number of babies born yearly (approximately 130 million), this is not surprising. However, 

unless the cord blood is collected from the newborn to be used in potential diseases later on in his or her life –

mainly childhood haematological disorders –, the application is not autologous, therefore cell types have to be 

matched just as in any other transplantation procedures. Cord blood is collected at birth and processed 
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immediately (Figure II-9) to purify stem cells based on their cell surface markers or simply just to be frozen 

with added DMSO in liquid nitrogen. 

 

Figure II-9: Cord blood stem cells and foetal stem cells 

 

Figure II-10: Stem cell populations in cord blood 

In the past 36 years 10,000 patients were treated for more than 80 different diseases using cord blood stem cells. 

Ideally, cord blood banks should be set up with active links to international data bases where all the stored cells 

would be characterized with HLA typing and made available when needed. Unfortunately, storage of stem cells 

is costly therefore this relatively simple source for progenitor cells is not used to its full potential. 

Adipose tissue derived stem cells. Recently there has been a trend to obtain mesenchymal stem cells from fat. 

Similarly to other differentiated tissue types, adipose tissues contain tissue specific stem cells. Adipose stem 

cells (ASC) can be easily isolated from adipose tissues (Figure II-11), and ASCs are multipotent, their 

http://en.wikipedia.org/wiki/Mesenchymal_stem_cell
http://en.wikipedia.org/wiki/Fat
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immunophenotype is consistent (Figure II-12) and adipose stem cells are easily manipulated by genetic 

engineering. 

 

Figure II-11: Isolation procedures of ASCs 

 

Figure II-12: Immunophenotype of ASCs (Positive markers) 

The differentiation potential of ASCs is also wide. By using the right combination of extracts and factors, ASCs 

can differentiate into cardio-myocytes, skeletal myocytes, chondrocytes, osteoblasts, neuronal, endodermal and 

ectodermal lineages. 

Application of stem cells (either embryonic or adult stem cells) (Figure II-13) is becoming broader since cellular 

manipulation can aid development of the required cell types. 
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Figure II-13: Application of ESCs and ASCs 

Cells can be reprogrammed by modification of their original gene expression patterns or cellular differentiation 

can be manipulated by applying directed changes into the cellular growth environment in forms of growth 

factors, cytokines, cellular interactions (e.g. feeder layer). Naturally, the right factors need to be identified prior 

to any attempts to grow specific tissue types for commercial use. In fact tight regulatory issues surround tissue 

engineering aimed at clinical application of laboratory generated tissues in regenerative medicine. Apart from 

ethical issues of using embryonic stem cells, and working with human subjects to purify adult stem cells, the 

purification of stem cells requires GLP (good laboratory practice) and GMP (good manufacturing practice) 

conditions that make the production of such tissues very expensive. 

Differentiated cells. Previously, it was believed that many differentiated cells of adult human tissues have only a 

limited capacity to divide. In contrast, some almost differentiated cells have widely been used in clinical tissue 

engineering. The “almost” status is frequently achieved by culturing purified differentiated cells in 2D culture 

conditions where they lose their final differentiation characteristics. Among differentiated cells used in tissue 

engineering are notably fibroblasts, keratinocytes, osteoblasts, endothelial cells, chondrocytes, preadipocytes, 

and adipocytes. One of the most frequently used differentiated cell types are chondrocytes. In the following, 

chondrocytes shall serve as an example to describe the use of differentiated cells in tissue engineering 

applications. 

Isolation of autologous chondrocytes for human use is invasive. It requires a biopsy from a non-weight-bearing 

surface of a joint or a painful rib biopsy. In addition, the ex vivo expansion of a clinically required number of 

chondrocytes from a small biopsy specimen, which may itself be diseased, is hindered by deleterious phenotypic 

changes in the chondrocyte. It is important that chondrocytes synthesize type II collagen, the primary 

component of the cross-banded collagen fibrils. The organization of these fibrils, into a tight meshwork that 

extends throughout the tissue, provides the tensile stiffness and strength of articular cartilage, and contributes to 

the cohesiveness of the tissue by mechanically entrapping the large proteoglycans. In growing individuals, the 

chondrocytes produce new tissue to expand and remodel the articular surface. With aging, the capacity of the 

cells to synthesize some types of proteoglycans and their response to stimuli, including growth factors, decrease. 

These age-related changes may limit the ability of the cells to maintain the tissue, and thereby contribute to the 

development of degeneration of the articular cartilage. For the organ repair or replacement process the in vitro 

amplified number of chondrocytes have to be grown in bioreactors to grow as weight bearing tissue. Although 

differentiated chondrocytes appear to be one of the best sources for engineered cartilage, to date, few tissue-

engineered systems provide an autologous, minimally invasive, and easily customizable solution for the repair 

or augmentation of cartilage defects. 

3.  Bioreactors 
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One of the persistent problems of tissue engineering is the difficult production of considerable tissue mass. As 

engineered tissues normally lack blood vessels, it is difficult for cells in the inside of a larger tissue mass to 

obtain sufficient oxygen and nutrient supply to survive, and consequently to function properly. 

Although self-assembly plays an important role in any tissue engineering methods, tissue growth and functional 

differentiation needs to be directed by the tissue engineeer. Creation of functional tissues and biological 

structures in vitro needs to observe some basic requirements for cellular survival, growth and differentiation. In 

general, the basic requirements include continuous supply of oxygen, correct pH, humidity, temperature, 

nutrients and osmotic pressure. If the structure of the tissue is important from the point of view of tissue 

function, suitable scaffolds are often needed. Tissue engineered cultures present additional problems in 

maintaining culture conditions. In standard, simple maintenance cell cultures, molecular diffusion is often the 

sole means of nutrient and metabolite transport. However, as a culture becomes larger and more complex, for 

example in the case of engineered organs with larger tissue mass, other mechanisms must be employed to 

maintain the culture and to avoid cellular necrosis. It is important to create some sort of capillary networks 

within the tissue that allows relatively easy transport of nutrients and metabolites. 

Similarly to directing growth and differentiation of stem cell cultures, complex tissue cultures also require added 

factors, hormones, metabolites or nutrients, chemical and physical stimuli to reach the desired functionality. 

Just a couple of examples: chondrocytes for example respond to changes in oxygen tension as part of their 

normal development to adapt to hypoxia during skeletal development. Other cell types, such as endothelial cells, 

respond to shear stress from fluid flow, which endothelial cells encounter in blood vessels. Mechanical stimuli, 

such as pressure pulses seem to be beneficial to all kinds of cardiovascular tissue such as heart valves, blood 

vessels or pericardium. All the special requirements are intended to be resolved by the use of bioreactors. 

A bioreactor in tissue engineering is a device that simulates a physiological environment in order to promote cell 

or tissue growth. A physiological environment can consist of many different parameters such as temperature and 

oxygen or carbon dioxide concentration, but can extend to all kinds of biological, chemical or mechanical 

stimuli. Therefore, there are systems that may include the application of the required forces or stresses to the 

tissue two- or three-dimensional setups (e.g., flex and fluid shearing for heart valve growth). Several general-use 

and application-specific bioreactors are available commercially to aid research or commercial exploitation of 

engineered tissues. Bioreactors, however, require a large number of cells to start off with. 

3.1. Cells to be used in bioreactors 

Static cell cultures are the most frequently applied cell culture methods. The maintenance is easy, cheap and no 

specialized laboratory equipment is needed. Petri dishes or disposable plastic tissue culture flasks are used most 

frequently. Basically 2 types of conventional tissue culture exist: Adherent cells which grow in monolayer 

cultures and non-adherent cells that grow in suspension cultures. In both case, conventional cell cultures are 

capable to maintain cells at relatively low densities. The main problem rises concerning static cell cultures when 

large numbers of cells are needed and conventional cultures need to be scaled-up to be added to bioreactors. In 

the conventional cultures nutrient supply is maintained by frequent and periodic change of culture medium that 

is time consuming and involves a high risk of infection. The advantages of the dynamic cellular environment of 

bioreactors include the dynamic and continous supply of nutrients and oxigen. These features make the 

formation of larger 3D tissue structures possible. However, availability of nutrients and oxygen inside a 3D 

tissue construct is still problematic. While in 3D cell cultures direct cell-cell contacts enhance cellular 

communication, transport of oxygen, nutrients and metabolites is still a challenging issue. First, oxygen and 

nutrients should diffuse from the static medium to the surface cells. This concerns the oxygen content and the 

oxygen-carrying capacity of the medium. Diffusion from the surface cells to the deeper structures is also 

important. Critical parameters are the porosity of the cultured cell/tissue construct. Understandably, thickness of 

dynamic environment of bioreactors, this parameter can be increased several fold. 

3.2. Bioreactor design requirements 

Although bioreactors cannot recreate the physiological environment, they need to reproduce as many parameters 

as possible. Bioreactors need to maintain desired nutrient and gas concentration in 3D constructs and to facilitate 

mass transport into and from 3D tissues. It is also important for bioreactors to improve even cellular distribution, 

which is also facilitated through the dynamic environment. Exposure of the construct to physical stimuli is also 

http://en.wikipedia.org/wiki/Oxygen
http://en.wikipedia.org/wiki/PH
http://en.wikipedia.org/wiki/Humidity
http://en.wikipedia.org/wiki/Temperature
http://en.wikipedia.org/wiki/Nutrient
http://en.wikipedia.org/wiki/Osmotic_pressure
http://en.wikipedia.org/wiki/Diffusion
http://en.wikipedia.org/wiki/Shear_stress
http://en.wikipedia.org/wiki/Blood_vessels
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important during the engineering of load-bearing tissues, like cartilage, bone, tendon and muscle. Without 

mechanical stimuli these tissues cannot withstand physiological load and strain. 

There is an additional critical parameter in dynamic tissue cultures: the shear force. Shear forces are particularly 

important, as cells are sensitive to shear stress, which may cause dedifferentiation, growth inhibition or 

apoptosis. Unfortunately, shear stress distribution is uneven in dynamic bioreactors. In dynamic bioreactors the 

highest stress is located around edges and sides of the moving vessel or around the moving edge of the stirrer 

and the edges of the scaffold which is static itself but the fluid is moving around it. (The measure unit of shear 

stress is the dyn/cm2. 1 dyn = 10 mN. The maximum shear stress for mammalian cells is 2.8 dyn/cm2, so in a 

well-designed bioreactor, shear stress values are well below this number) (Figure III-1). 

 

Figure III-1: Shear forces in dynamic fluids 

Perhaps the most difficult task is to provide real-time information about the structure of the forming 3D tissue. 

Normally the histological, cellular structure of the 3D construct can only be judged after the culturing period is 

completed. 

In general, bioreactors should be as clear and simple as possible to make cleaning easy and to reduce the risk of 

infections. The assembly and disassembly of the device should be also simple and quick. It is extremely 

important that all parts of the bioreactor that comes into contact with the cell culture is made of biocompatible or 

bioinert materials. For example no chromium alloys or stainless steel should be used in biorecators. Also the 

material should withstand heat or alcohol sterilization and the presence of the continuously humid atmosphere. 

The design should also ensure the proper embedding of instruments like the thermometer, pH meter, the pump 

or rotator motor, etc. 

3.3. Main types of bioreactors 

Spinner flask bioreactors (Figure III-2) are maybe the simplest and the most frequently used bioreactor types. 
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Figure III-2: Spinner flask bioreactors 

Spinner bioreactor types mix the oxygen and nutrients throughout the medium and reduce the concentration 

boundary layer at the construct surface. In a spinner flask, scaffolds are suspended at the end of needles in a 

flask of culture media. A magnetic stirrer mixes the media and the scaffolds are fixed in place with respect to the 

moveing fluid. Flow across the surface of the scaffolds results in turbulences and flow instabilities caused by 

clumps of fluid particles that have a rotational structure superimposed on the mean linear motion of the fluid 

particles. Via these added fluid motions fluid transport to the centre of the scaffold is thought to be enhanced. 

Typically, spinner flasks are around 120 ml in volume (although much larger flasks of up to 8 liters have also 

been used). The most frequent stirring speed is 50–80 rpm and generally 50% of the total medium is changed 

every two days. The efficiency of the enhancement of mass transport is indicated that cartilage constructs have 

cell seeding efficiency is typically low in spinner flask bioreactors, this method usually fails to deliver 

homogeneous cell distribution throughout scaffolds and cells predominantly reside on the construct periphery. 

The rotating wall bioreactor (Figure III-3) was originally developed by NASA. 
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Figure III-3: Rotating wall bioreactors 

It was designed with a view to protect cell culture experiments from high forces during space shuttle take off 

and landing. The device has proved useful in tissue engineering laboratories on Earth too. In a rotating wall 

bioreactor, scaffolds are free to move in media in a vessel. A rotating wall vessel bioreactor consists of a 

cylindrical chamber in which the outer wall, inner wall, or both are capable of rotating at a constant angular 

speed. The vessel wall is then rotated at a speed such that a balance is reached between the downward 

gravitational force and the upward hydrodynamic drag force acting on each scaffold. The wall of the vessel 

rotates, providing an upward hydrodynamic drag force that balances with the downward gravitational force, 

resulting in the scaffold remaining suspended in the media. Dynamic laminar flow generated by a rotating fluid 

environment is an alternative and efficient way to reduce diffusional limitations of nutrients and wastes while 

producing low levels of shear compared to the stirring flask. Culture medium can be exchanged by stopping the 

rotation temporarily or by adding a fluid pump whereby media is constantly pumped through the vessel. Fluid 

transport is enhanced in a similar fashion to the mechanism in spinner flasks and the rotational devices also 

provide a more homogeneous cell distribution compared to static or spinner bioreactor cultures. Gas exchange 

occurs through a gas exchange membrane. Typically, the bioreactor is rotated at speeds of 15–30 rpm. Cartilage 

tissue of 5 mm thickness has been grown in this type of bioreactor after seven months of culture. As tissue mass 

increases while cells grow in the bioreactor, the rotational speed must be increased in order to balance the 

gravitational force and to ensure that the scaffold remains in suspension. 

Compression bioreactors (Figure III-4) are another widely used type of bioreactors. 
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Figure III-4: Compression bioreactors 

This class of bioreactor is generally used in cartilage engineering and can be designed so that both static and 

dynamic loading can be applied. In contrast to static loading that has a negative effect on cartilage formation 

dynamic loading is more beneficial and more representative of physiological tissue deposition. In general, 

compression bioreactors consist of a motor, a system providing linear motion and a controlling mechanism to 

provide different magnitudes and frequencies. A signal generator can be used to control the system including 

loading of cells while transformers can be used to measure the load response and imposed displacement. The 

load can be transferred to the cell-seeded constructs via flat platens which distribute the load evenly. However, 

in a device for stimulating multiple scaffolds simultaneously, care must be taken that the constructs are of 

similar height or the compressive strain applied will vary as the scaffold height does. Mass transfer is improved 

in dynamic compression bioreactors over static culture (as compression causes fluid flow in the scaffold) which 

results in the improvement of the aggregate modulus of the resulting cartilage tissue to levels approaching those 

of native articular cartilage. 

Tensile strain bioreactors have been used in an attempt to engineer a number of different types of tissues 

including tendon, ligament, bone, cartilage and cardiovascular tissue. Some designs are very similar to 

compression bioreactors, only differing in the way the force is transferred to the construct. Instead of flat platens 

as in a compression bioreactor, a way of clamping the scaffold into the device is needed so that a tensile force 

can be applied. Tensile strain has been used to differentiate mesechymal stem cells along the chondrogenic 

lineage. A multistation bioreactor was used in which cell-seeded collagen-glycosaminoglycan scaffolds were 

clamped and loaded in uniaxial tension. Alternatively, tensile strain can also be applied to a construct by 

attaching the construct to anchors on a rubber membrane and then deforming the membrane. This system has 

been used in the culture of bioartificial tendons with a resulting increase in Young‟s modulus over non-loaded 

controls. (Young‟s modulus is a numerical constant that was named after an 18th-century English physician and 

physicist. The constant describes the elastic properties of a solid material undergoing tension or compression 

forces in one direction only). 

Culture using flow perfusion bioreactors (Figure III-5) has been shown to provide more homogeneous cell 

distribution throughout scaffolds. 

http://www.britannica.com/EBchecked/topic/182035/elasticity
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Figure III-5: Flow perfusion bioreactors 

Collagen sponges have been seeded with bone marrow stromal cells and perfused with flow. This has resulted in 

greater cellularity throughout the scaffold in comparison to static controls, implying that better nutrient 

exchange occurs due to flow. Using a calcium phosphate scaffold, abundant extracellular matrix (ECM) with 

nodules of calcium phosphate was noted after 19 days in steady flow culture. In comparisons between flow 

perfusion, spinner flask and rotating wall bioreactors, flow perfusion bioreactors have proved to be the best for 

fluid transport. Using the same flow rate and the same scaffold type, while cell densities remained the same 

using all three bioreactors, the distribution of the cells changed dramatically depending on which bioreactor was 

used. Histological analysis showed that spinner flask and static culture resulted in the majority of viable cells 

being on the periphery of the scaffold. In contrast, the rotating wall vessel and flow perfusion bioreactor culture 

resulted in uniform cell distribution throughout the scaffolds. Flow perfusion bioreactors generally consist of a 

pump and a scaffold chamber joined together by tubing. A fluid pump is used to force media flow through the 

cell-seeded scaffold. The scaffold is placed in a chamber that is designed to direct flow through the interior of 

the scaffold. The scaffold is kept in position across the flow path of the device and media is perfused through the 

scaffold, thus enhancing fluid transport. Media can easily be replaced in the media reservoir. However, the 

effects of direct perfusion can be highly dependent on the medium flow rate. Therefore optimising a perfusion 

bioreactor for the engineering of a 3D tissue must address the careful balance between the mass transfer of 

nutrients and waste products to and from cells, the retention of newly synthesised ECM components within the 

construct and the fluid induced shear stresses within the scaffold pores. 

Flow perfusion reactors in bone tissue engineering. Flow perfusion bioreactors have proved to be superior 

compared to rotating wall or spinner flask bioreactors to seed cells onto scaffolds. The expression levels of bone 

differentiation markers (namely Alkaline Phosphatase, Osteocalcin and the transcription factor Runx2) proved 

to be consistently higher in flow perfusion reactors than in any other type of bioreactors. Additionally, the 

mineralization of the scaffolds is also higher. To avoid the disadvantageous effects of high shear stress, the flow 

rate in the reactor needs to be set carefully. Experiments demonstrated that intermittent dynamic flow is more 

favourable than steady speed flow in bone tissue engineering. 

Two chamber bioreactor – The most current and revolutionary achievement in tissue engineering was the 

implantation of a tissue engineered trachea which was developed in a special two-chamber bioreactor. The 

external surface of the de-cellularized donor trachea was seeded with autologous chondrocytes differentiated 

from hemapoetic SCs of the recipient and airway epithelium was seeded to the inner surface in a rotation wall-

like bioreactor. The application of two separate “chambers” allowed simultaneous culture of different cell types. 

The construct was then used for the surgical replacement of the narrowed trachea in a tuberculosis patient. 

3.4. Drawbacks to currently available bioreactors 

Tissue engineering methodology is very labor intensive, specialized equipment and specially trained technicians 

are needed to perform the work. The current bioreactors are highly specialized devices which are difficult to 
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assemble and disassemble. The cell output is low and the culturing times are long. Moreover, real-time 

monitoring of tissue structure and organization is not yet available. Problems with compression bioreactors 

involve mainly the mechanical parts, which are prone for leakage. Understandably, infection is a problem when 

such bioreactors are used. Added problem is the type of the scaffold to grow the cells on, as the applied 

scaffolds have to withstand mechanical stimulation, so strong scaffolds are needed, which may have longer 

degradation time once implanted. Naturally, this is not preferred. So a compromise has to be achieved between 

scaffold stiffness and resorption time. 

4.  Biomaterials 

The requirements for biomaterials used in tissue engineering are quite strictly defined. Biocompatibility for 

example is high on the agenda, as scaffold and bioreactor materials have to be tissue friendly and not eliciting 

immunoresponse. Moreover, at best, the biomaterial should support cellular and tissue functions like adhesion, 

differentiation and proliferation via its special surface chemistry. Porosity is an important requirement 

concerning scaffolds. Generally the porosity should reach and even exceed 90% to allow even seeding of cells 

and to support vascular ingrowth after implantation. Controlled biodegradation is also an important issue in 

some cases when the healthy tissue replaces the implanted biomaterial and the biomaterial gradually degrades in 

the body of the host. Biomaterials can be divided into natural and synthetic biomaterials. 

4.1. Natural biomaterials 

The advantages of natural biomaterials (Figure IV-1) are that they mostly come from an in vivo source therefore 

large quantities are constantly available at a reasonable price. 

 

Figure IV-1: Types of natural biomaterials 

Further advantages of natural biomaterials are that they already have binding sites for cells and adhesion 

molecules so the biocompatibility is not a major issue. However, there are also some disadvantages. Due to 

natural variability in the in vivo source, the lot-to-lot variability is always a concern. Additionally, potential 

impurities may also result in unwanted immune reactions, while their mechanical properties are also limited. 

Collagen is the most frequently used and therefore the most studied biomaterial. There are rich in vivo sources, 

as all connective tissues of animals are rich in this ubiquitous protein. Collagen has a fibrous structure, and its 

amino acid composition is unique. It provides binding sites for integrins called RGD sites (from the amino acid 

sequence arginine-glycine-aspartic acid). Collagen has a superior biocompatibility being a conserved protein. 

Additional benefit, that the immune system well tolerates collagen. It is capable of supporting a large spectrum 

cellular differentiation types, therefore collagen is well preferred as scaffold. 

Another, easily accessible type of scaffold is fibrinogen. Fibrinogen is obtained from (human) plasma. Although 

in its uncleaved form is a soluble protein, upon cleavage with thrombin fibrinogen sets as a gel and forms a 3D 

meshwork which is 100% biocompatible and physiological in wound healing. It is often used as a biological 

glue when cells to be seeded onto scaffolds (e.g. non-woven mesh or fleece or other porous materials) are 

suspended first in a fibrinogen-containing solution. Then the solution is applied onto the scaffold and upon the 

addition of thrombin, a hydrogel is formed which enhances the cells‟ ability to attach to the 3D scaffold. Fibrin 

is also suitable for supporting ES cell differentiation as well as keeping differentiated cells in culture. Recent 

applications of fibrin include cardiovascular, cartilage, bone and neuronal tissue engineering. 
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Silk that is also used as scaffold material, is a protein produced within specialized glands of some arthropods. It 

has a special tertiary structure consisting of repeating amino acid motifs forming an overlapping beta-sheet 

structure giving the unique sturdiness for this protein. There have been many industrial attempts to mimic the 

features of silk. As a result the availability of recombinant analogues is increasing. 

The silkworm‟s (Bombix mori) silk consists of two different protein components, namely Fibroin and Sericin. 

Sericin forms the outer layer on the fibroin core making it slippery and elastic. Fibroin that is biocompatible and 

possesses excellent mechanical properties is also used as tissue engineering scaffold. Its use is widespread in 

bone, cartilage and ligament engineering. Additionally, silk fibroin can be modified chemically, e.g. the 

attachment of RGD groups provides binding sites for osteoblasts and enhances Ca++ deposition and bone cell 

differentiation. Moreover, silk promotes more intensive chondrogenesis than collagen used as a scaffold 

material for cartilage engineering. The degradation rate of silk is very slow but finally bone tissue gradually 

replaces the silk scaffold. 

Polysaccharide-based biomaterials are polymers consisting of sugar monomers. Those used for tissue 

engineering purposes are of plant (seaweed) or animal origin. Some polysaccharides may trigger unwanted 

immune reactions so a careful selection is advised considering polysaccharide scaffold materials. 

Polysaccharides are most frequently used as hydrogels, which per se form a 3D meshwork so they can provide a 

scaffold for seeded cells. These hydrogels are frequently used as injectons: they can be dispensed directly to the 

site of injury so it supports wound healing and also cell growth and differentiation. 

Main source of agarose, another scaffold material for tissue engineering, are red algae and seaweed. Agarose is 

the most frequently used polysaccharide scaffold consisting of a galactose-based backbone. It is 

immunologically inert, so no immune response is triggered. One of its great advantages lies in its versatility: the 

stiffness and mechanical parameters can be easily manipulated of agarose gels. It has been used for scaffolding 

cartilage, heart, nerve tissues and it also supports stem cell differentiation. 

Alginate is the polysaccharide component of the cell walls of brown algae. It is an acidic compound, so in tissue 

engineering various cationic alginate salts are used. Sodium-alginate is a frequently used food additive (E-401) 

and its use is also widespread in gastronomy. Besides of gastronomic applications, sodium alginate is used in 

industry as a heavy metal-binding or fat-binding agent. The potassium salt is also used in the food industry as an 

emulsifier and stabilizer. In tissue engineering its calcium salt or Calcium-alginate has gained widespread 

application. Calcium alginate is a water-insoluble gel-like material, and it is generally used in the industry or 

laboratory for enzyme immobilization or encapsulation. In tissue engineering calcium-alginate proved to be 

useful for encapsulation of whole living cells, thus isolating them from the immune system preventing rejection 

after transplantation. In a clinical trial, calcium-alginate was used for the encapsulation of pancreatic islet cells 

which preserved their ability to produce insulin according to the needs of the host as the encapsulation prevented 

the immune reaction against the grafted cells. 

Hyaluronan which is also termed as Hyaluronic acid is an animal-derived polysaccharide which is extensively 

used as a scaffold material in tissue engineering. It is a non-sulfatated Glucose-Amino-Glycan (GAG) molecule 

and exists as a major component of the ECM in hyalinic cartilage and skin but it is present in other organs as 

well. As a natural ECM component, multiple cell surface receptor binding and cell adhesion sites available on 

the macromolecular complex. Hyaluronan has an important role in wound healing and tissue repair. Moreover, it 

supports embryonic stem cell differentiation, survival and proliferation. Like other polysaccharides, hyaluronan 

is used as a gel in nerve, cartilage and skin tissue engineering. 

Chitosan is derived from the deacetylation of chitin which is a strongly cationic polysaccharide which is the 

main component of the arthropod exoskeleton. Chitosan is commercially derived from sea-dwelling crustaceans 

and it is widely used for bandages and wound dressing, utilizing its ability to enhance blood clotting. Chitosan 

scaffolds are mainly used in bone tissue engineering, as chitosan supports osteoblast differentiation. Moreover, 

chitosan-calcium-phosphate composite scaffolds form a pliable, injectable hydrogel at slightly acidic pH. Upon 

transition to physiological pH, it gels thus anchoring osteocytes to the scaffold. Native and collagen-modified 

chitosan can be used for tissue engineering, as both forms support progenitor differentiation into osteoblasts. 

4.2. Synthetic biomaterials 

In tissue engineering a large scale of synthetic biomaterials (Figure IV-2) are used besides that of natural origin. 
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Figure IV-2: Types of synthetic biomaterials 

Their main advantages over natural biomaterials are the high reproducibility, availability on demand and 

constant quality supporting industrial-scale production. Moreover, by application of slight changes of 

production, an easy control of mechanical properties, degradation rate, shape, composition, etc. can be adjusted 

to current needs. However, synthetic materials often lack sites for cell adhesion and the biocompatibility is 

frequently questionable. Biocompatibility and support of stem cell differentiation is not clear either, while 

immune reactions are also possible. 

Poly (lactic-co-glycolic acid) PLGA is an FDA approved scaffold material. PLGA is a mixed polymer 

consisting of lactic and glycolic acids in various ratios. PLGA is a biodegradable material and its degradation 

rate can be modulated. It is one of the most frequently used biomaterials applied in neural tissue, bone and 

cartilage tissue engineering. PLGA is biocompatible, triggers no immune reaction and supports embryonic stem 

cell differentiation, proliferation and survival. However one has to consider that the degradation products are 

acidic, therefore may alter cell metabolism. 

Poly (ethylene glycol) PEG is a commonly used biocompatible polymer. This molecule has amphophilic 

properties having a hydrophilic head and a variably long hydrophobic tail. The PEGylation of proteins is a 

commonly used pharmaceutical technology to modulate the degradation and absorbtion of bioactive proteins 

like interferons. The chemical modification of PEG is also available e.g. heparin, peptides, or RGD motifs. PEG 

is also a frequently used scaffold material in bone, cartilage, nerve, liver and vascular tissue engineering. 

Application of PEG-formed hydrogels is very versatile. The chemical nature, the extent of crosslinking, and the 

potential application of modifications, like RGD or other amino-acid groups, makes PEG widely used. PEG-

based gels can be applied not only to entrap or anchor cells but also in storing and delivering bioactive 

molecules like BMP or TGFβ. 

Peptide-based biomaterials consist of short amino acid sequences which usually are ampholitic thus making 

peptides capable of self-assembly. The application of these peptides allows the combination of the advantages of 

synthetic materials with that of natural scaffolds. Synthetic nature of the peptides eliminates batch-to-batch 

variability and consistent purity and quality can be achieved. Moreover, known binding sites for cell-surface 

adhesion molecules can be included in the sequence. For example, IKVAV amino acid sequence is from laminin 

and it facilitates neurite outgrowth. RGD sequence is a binding site for integins which promotes cellular 

adherence and migration. 

Ceramic-based biomaterials are used in bone tissue engineering only. These scaffolds are totally or partly 

inorganic. Mostly they are shaped with heat forming porous, brittle materials. For example, bioactive glass is 

slowly biodegradable. With an ion-exchange mechanism it slowly turns to natural hydroxyapathite via surface 

degradation. So bioglass is biocompatible and used as an implant material. Hydroxyapatite is the inorganic 

compound of bone. Sometimes it is used as a completely inorganic, porous scaffold, more often it is combined 

with other biocompatible, organic polymers, like PLGA, collagen, or chitosan. This combination also enhances 

the drug delivery capacity of these scaffolds to enhance bone formation. 

Metals are used as implant materials. Mostly alumina and titanium alloys are used because of their 

biocompatibility. The high durability of metals is needed where implants are subjected to extreme mechanical 

load, like articular prostheses, dental implants or heart valves. These metals are bioinert materials, however, 

sometimes metallic implants may cause immunological reactions like metal allergy in sensitive individuals. 

Also, as they are not biodegradable it is questionable whether metals can be listed amongst tissue enginnering 

scaffolds. 
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5.  Scaffold fabrication 

Scaffolds, as it has been mentioned in previous chapters, are natural or synthetic materials which provide the 

basis for 3D tissue engineered constructs. There are some basic criteria for scaffolds. Biocompatibility is an 

important issue: non-biocompatible materials trigger immune reactions in the host so a chronic inflammation 

may occur upon implantation. The surface chemistry is also critical: cells and ECM molecules need to come into 

contact with the scaffold surface through its surface molecules. The scaffold surface should support cellular 

functions such as adhesion and migration. Cells which are seeded onto scaffolds should populate it evenly, and 

scaffolds should also allow vascularization of the implanted construct that is vital for successful function and 

integration into the body of the host. So scaffold materials should be rich in interconnected pores, which allow 

cell infiltration and support vascularization. Controlled biodegradability should also be considered. Ideally, the 

scaffold degrades in the host, where the scaffold material is replaced by ECM material produced by implanted 

and physiologically present cells leading to formation and integration of the new tissue. 

Upon engineering tissues that are expected to be exposed to mechanical load – e.g. cartilage or bone –, 

consideration of mechanical properties of the scaffold materials is especially important. The scaffolds used for 

generating such tissues should withstand mechanical stress upon the preparation of the tissue in the compression 

or strain bioreactor and also resist to physiological stresses shortly after implantation. A balance has to be 

stricken, however, as stronger scaffolds usually degrade slower. 

Scaffolds are often generated to be able to hold and to slowly release drugs or biomolecules. Cells growing on 

scaffolds in bioreactors often need biomolecules or growth factors to stimulate their proliferation, differentiation 

and formation of the new tissue. It is important that the scaffold material should interact with the ECM so that 

the replacement of the formation of new ECM after implantation goes swiftly. Sometimes it is important, that 

scaffolds mimic the ECM providing support for cell growth and attachment. 

Scaffold characteristics are needed to be carefully considered when constructing a new tissue in vitro. Primarily, 

scaffolds provide the 3D environment for cells therefore they should support cellular functions. Also, scaffolds 

temporarily replace the ECM after implantation and have key role in directing cellular differentiation. Both 

during the construction and after implantation, the structure of the scaffold determines cell nutrition and mass 

transport into the newly formed or implanted engineered tissue. 

5.1. Methods for scaffold construction 

Solvent casting & particulate leaching (SCPL) (Figure V-1) is the easiest and cheapest way of scaffold 

formation. 
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Figure V-1: Solvant casting – particulate leaching 

Basically, the mold is filled with a pore-forming material and the dissolved scaffold material is poured into the 

mold. After the evaporation of the solvent the scaffold material solidifies. In order to form porous scaffolds, the 

pore-forming particles should be dissolved. The SCPL technique is simple, easy and inexpensive technique and 

no special equipment is needed to perform this methodology. However, there are some drawbacks which come 

usually from the nature of the solvent in which the scaffold material was dissolved in. Usually organic solvents 

are applied, which are often toxic. The contaminations are difficult to eliminate and cells seeded onto these 

scaffolds can affected by the toxicity of the solvent remnants. 

Phase separation methods are also very often applied in the fabrication of scaffold materials. The scaffold-

forming polymer is dissolved in the mixture of 2 non-mixing solvents then saturated solutions are produced by 

heating. The polymer-lean and polymer-rich phase separates at a higher temperature. When the temperature is 

lowered, the liquid-liqiud phase is separated again and the dissolved polymer precipitates on the phase-border 

from the over-saturated solutions. Then the solvent is removed by extraction, evaporation or sublimation. This 

method usually provides scaffolds of high porosity. 

Gas foaming is a special technology for the production of tissue engineered scaffolds using supercritical CO2. A 

specialized pressure chamber is needed which is filled with the scaffold material. CO2 is then slowly let into the 

chamber, under very high pressure, so that it reaches supercritical state. In the supercritical gas, the scaffold 

material is practically dissolved. When the pressure is lowered, the CO2 turns into gas again and the phase 

separation of dissolved scaffold occurs. Scaffold foams with particularly high porosity can be produced while no 

toxic organic solvents are used during the procedure. Moreover, recent research results demonstrated that for a 

short period of time even living cells can survive the high-pressure conditions without significant damage, so 

cells can be added during the preparation phase ensuring even cellular distribution. 

Electrospinning (Figure V-2) is used not only in scaffold fabrication for tissue engineering but also for other 

materials such as industrial filters. 
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Figure V-2: Electrospinning 

A special injecting device is required for production which injects the dissolved scaffold polymer into the air. 

Opposite to the injector, an electrically charged plate collects the discharged material so that a non-woven 

textured material will be formed consisting of very thin fibres. The electrospinning techinque is very versatile 

and no extreme conditions (heat, coagulation, etc.) required to produce scaffold materials. Additionally, many 

types of polymers are applicable, e.g. PLA, PLGA, silk fibroin, chitosan, collagen, etc. This methodology 

allows the easy regulation of the thickness, aspect ratio, porosity, fiber orientation of the produced material 

consisting of non-woven fibres. 

The scaffolds produced with fiber-mesh technology consist of (inter)woven fibres. This structure allows both 2D 

and 3D scaffold structures, and pore size can be easily manipulated via adjusting weaving and fiber parameters. 

This is a versatile technique, since the scaffold material is broadly applicable and combinations of materials can 

be applied too. 

Self assembly is the spontaneous organization of molecules into a defined structure with a defined function. For 

tissue engineering purposes mainly amphiphilic peptides are used. These molecules contain a charged head and 

a hydrophobic tail part and capable of assemble into pre-defined structures in aqueous solutions via forming 

non-covalent bonds. Self-assembling peptide apmholites can also be modified. For example, addition of a 

phosphoserine group to the peptide enhances the mineralization in bone tissue, the presence of RGD groups 

provide binding sites for cell surface integrins, and cysteines are capable to form intermolecular bridges thus 

increasing stability. GGG linker amino acids are inserted frequently between the head and tail groups to increase 

flexibility of the peptides. 

Rapid prototyping is the automatic construction of physical objects using additive manufacturing technology. 

This technology is used not only in industrial manufacturing processes but also for production of tissue 

engineering scaffolds. Rapid prototyping allows fast (scaffold) fabrication with consistent quality, texture and 

structure. However, negative side of this technology that it needs special equipment: expensive and specialized 

computer-controlled machinery. 

There are multiple technologies within Rapid prototyping, like fused deposition modeling (FDM). This applies a 

robotically guided machine which extrudes filament consisting of a polymer or other material through a nozzle. 

Multiple layers can be formed where the object is solid and the use of cross-hatching (using a different 

substance) is also possible for areas that will or can be removed later. 

Another rapid prototyping method is selective laser sintering (SLS) (Figure V-3). 
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Figure V-3: Selective laser sintering (SLS) 

When this technology is used, scaffold material (usually a polymer) is initially in powder form, slightly below 

its melting temperature. One layer of the heated powder is laid on the mold and a computer-guided laser beam 

provides heat for the powder particles to sinter (weld without melting) together. As one layer is completed, more 

and more new powder layers will be sintered, as the piston moves downward. So with this method the 3D 

structure of the object will be formed layer-by-layer. 

6.  Biocompatibility 

Biocompatibility of an engineered tissue is closely related to the behavior of the used biomaterials in various 

contexts. A biomaterial can be considered biocompatible if it performs with the desired host response in any 

particular application. The term “biocompatibility” may refer to specific properties of a given material without 

specifying where or how the material is used. The basic requirements towards every biomaterial are the 

following: the biomaterial or its degradation products are not cytotoxic, elicits little or no immune response, and 

is able to integrate with a particular cell type or tissue. The ambiguity of the term reflects how biomaterials 

interact with the human body and eventually how those interactions determine the clinical success of the 

engineered tissue. As tissue engineering often uses biomaterials to provide scaffolds for the required tissues, 

biocompatibility also refers to the ability to perform as a substrate that will support the appropriate cellular 

activity, including the facilitation of molecular and mechanical signaling systems, in order to optimize tissue 

regeneration, without eliciting any undesirable effects in those cells, or inducing any undesirable local or 

systemic responses in the eventual host. 

For example, the basic minimal requirements, for an artificial vascular graft is not just a measurement of its 

ability to act as a passive tool for blood flow that doesn‟t trigger immune response, platelet adhesion, activation, 

aggregation and coagulation as well as complement cascade activation, but also how it integrates into the 

surrounding tissues. 

Similarly, in a bone implant that was generated on a polymer scaffold structure it has to support cell growth, 

provide sufficient temporary mechanical support to withstand in vivo stresses and loading while scaffold 

degradation and resorption kinetics have to be controlled in such a way that the bioresorbable scaffold retains its 

physical properties for at least 6 months (4 months for cell culturing and 2 months in situ). Thereafter, it will 

start losing its mechanical properties and should be metabolized by the body without a foreign body (immune or 

toxic) reaction after 12–18 months. 

Understanding of the anatomy and physiology of the action site is essential for a biomaterial to be effective. An 

additional factor is the dependence on specific anatomical sites of implantation. It is thus important, during 

design, to ensure that the implement will fit complementarily and have a beneficial effect with the specific 

anatomical area of action. 

7.  Cell-scaffold interactions 

Scaffolds have previously been regarded as passive components of a tissue. Scaffolds, however, turn out to have 

an active role in generating functional properties of the engineered tissue (Figure VII-1 and Figure VII-2). 

 

Figure VII-1: Cell line cells nestling on a scaffold 

http://en.wikipedia.org/wiki/Biomaterials
http://en.wikipedia.org/wiki/Immune_response
http://en.wikipedia.org/wiki/Tissue_(biology)
http://en.wikipedia.org/wiki/Human_body
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Figure VII-2: Primary SAEC in matrigel 

Even if a scaffold just simply binds two or more types of cells, the enforced proximity of individual cells 

immediately results in several interesting properties. The scaffolded complex can be regarded as a micro-

environment on its own, where the concentrations of participants as well as their metabolites and secreted 

factors are vastly enriched in a small location that gives rise to complex, dynamic behaviour of cells. 

Methods employed in the course of tissue engineering often offer unique opportunities to observe cell-matrix 

interactions that cannot otherwise be viewed. These observations may provide insights into cell behavior than 

can contribute important new knowledge about cell biology. One such set of observations led to the discoveries 

that musculoskeletal connective tissue cells express a contractile muscle actin isoform, alpha-smooth muscle 

actin, and can contract. This knowledge may help to explain how these cells generate forces required for certain 

physiological and pathological functions, and this information may inform future approaches to regulate this 

function to advance tissue engineering. Tissue engineering science thus emerges as an important force that can 

both contribute to cell and molecular biology and add to the fund of knowledge supporting the production of 

tissues in vitro or in vivo to improve the management of a wide variety of disorders. Recent advances in micro- 

and nano-fabrication technologies offer the possibility to engineer scaffolds with a well defined architecture 

providing a control of cellular spatial organization, mimicking the microarchitectural organization of cells in 

native tissues. 

ECM, the natural medium in which cells proliferate, differentiate and migrate, is an absolute requirement for 

tissue regeneration. Cell-ECM interaction is specific and biunivocal. Cells synthesize, assemble and degrade 

ECM components responding to specific signals and, on the other hand, ECM controls and guides specific cell 

functions. Motifs are locally released according to cellular stimuli. Cells are attached to ECM through molecules 

belonging to the integrin family and recognize specific aminoacid sequences through cell surface receptors. 

Moreover, solid state, structural ECM molecules act as reservoirs for secreted signaling molecules for their on-

demand release. Since ECM plays an important role in a tissue‟s mechanical integrity, crosslinking of ECM may 

be an effective means of improving the mechanical properties of tissues. The ECM crosslinking can result from 

the enzymatic activity of lysyl oxidase (LO), tissue transglutaminase, or nonenzymatic glycation of protein by 

reducing sugars. The LO is a copper-dependent amine oxidase responsible for the formation of lysine- derived 

crosslinks in connective tissue, particularly in collagen and elastin. Desmosine, a product of LO-mediated 

crosslinking of elastin, commonly is used as a biochemical marker of ECM crosslinking. The LO-catalyzed 

crosslinks that are present in various connective tissues within the body – including bone, cartilage, skin, and 

lung – are believed to be a major source of mechanical strength in tissues. Additionally, the LO-mediated 
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enzymatic reaction renders crosslinked fibers less susceptive to proteolytic degradation. ECM fibres can also 

store and facilitate release of biofactors in insoluble/latent forms through specific binding with 

glycosaminoglycans (e.g. heparins), and biofactors can elicit their biological activity once released. 

8.  Biofactors 

Bioactive molecules are frequently required for tissue engineering to regulate cellular functions such as 

proliferation, adhesion, migration, and differentiation (Figure VIII-1). 

 

Figure VIII-1: Signalling networks in tissue development and maintenance 

The most frequently applied biofactors are various growth factors. The term “growth factors” include 

differentiation factors and angiogenic factors in addition to growth factors and other regulatory factors, 

including bone morphogenetic proteins. The redundancy found in most biological structures is so great that 

precise characterization of a growth factor that falls into just one category is misleading. Many growth factors 

may provide a host of functions and according to the biochemical, cellular, and biomechanical context may 

modulate cell attachment, cell growth and/or death, cell differentiation, cell migration, vascularization, etc. Both 

growth factors and differentiation factors are essential to establish functional cells on an appropriate 

architecture. 

Growth factors may be exogenously added, or the cells themselves may be induced to synthesize them in 

response to chemical and/or physical stresses. Although cytokines and growth factors are present within the 

ECM in minute quantities, they are potent modulators of cell behavior. 

The most frequently used growth factors with their multiple isoforms are vascular endothelial growth factor 

(VEGF), platelet-derived growth factor (PDGF), keratinocyte growth factor (KGF), transforming growth factor 

β (TGF-β), bone morphogenic protein (BMP) and fibroblast growth factor (FGF), each with its specific 

biological activity. While it is clear that these factors are necessary in various combinations, determination of 

the optimal dose is difficult. Additionally, sustained and localized release of the required factor at the desired 

site, and the inability to turn the factor “on” and “off” as needed during the course of tissue repair is extremely 

difficult. 

Growth factors have been studied in numerous ways in the field of tissue engineering, and some of the growth 

factors have produced promising results in a variety of preclinical and clinical models. 

During tissue morphogenesis the presence of soluble GFs guides cellular behaviours, thus governing neo-tissue 

formation and organization. The sequestration of GFs within the 3D ECM in inert form is necessary for rapid 
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signal transduction, allowing extracellular signal processing to take place in time frames similar to those in 

physiological tissues. Moreover, concentration gradients of GFs play a major role in ECM maintenance and 

equilibrium because the gradients direct cell adhesion, migration and differentiation deriving from given 

progenitor cells and organize patterns of cells into complex structures such as vascular networks and nervous 

system. ECM binding provides also concentration gradient for signaling molecules which is extremly important 

in morphogenesis and tissue functions. 

8.1. Representative Growth Factors 

The BMPs represent a family of related osteoinductive peptides similar to differentiation factors. BMPs are low 

MW glycoproteins (25–30 kDa) capable of inducing bone formation when delivered to ectopic or orthotopic 

locations. Various isoforms are known: BMP-2, BMP-3, and BMP-4, BMP-7 and BMP-8. At least 15 BMPs 

have been identified all together, many of which can induce chondro-osteogenesis in various mammalian 

tissues. The BMPs regulate various cellular functions such as bone induction, morphogenesis, chemotaxis, 

mitosis, hematopoiesis, cell survival, and apoptosis. With the exception of BMP-1, which is a protease that 

possesses the carboxy-terminal procollagen peptide, BMPs are part of the transforming growth factor (TGF)-β 

superfamily and play a major role in the growth and development of several organ systems, including the brain, 

eyes, heart, kidney, gonads, liver, skeleton, skeletal muscle, ligaments, tendons, and skin. Although the 

sequences of members of the TGF-β superfamily vary considerably, all are structurally very similar. The BMPs 

are further divided into subfamilies based on phylogenetic analysis and sequence similarities. BMP-6 is 

characteristically expressed in prehypertrophic chondrocytes during embryogenesis and in chondrocyte 

differentiation both in vivo and in vitro. In osteoinduction, BMPs act as chemotactic agents, initiating the 

recruitment of progenitor and stem cells toward the area of bone injury, they function as growth factors 

stimulating angiogenesis and proliferation of stem cells from surrounding mesenchymal tissues. BMPs also 

function as differentiation factors, promoting maturation of stem cells into chondrocytes, osteoblasts, and 

osteocytes. 

The function of FGFs is not restricted to cell growth either. Although FGFs can induce fibroblast proliferation, 

the original FGF (FGF-2 or basic FGF) is now known also to induce proliferation of endothelial cells, 

chondrocytes, smooth muscle cells, melanocytes, as well as other cells. FGFs can also promote adipocyte 

differentiation, induce IL-6 production of macrophages and fibroblasts, stimulate astrocyte migration, and 

prolong neural survival. The FGFs are potent modulators of cell proliferation, motility, differentiation, and 

survival, and play an important role in normal regeneration processes in vivo, such as embryonic development, 

angiogenesis, osteogenesis, chondrogenesis, and wound repair. The FGF superfamily consists of 23 members 

that bind to four tyrosine kinase FGF receptors. The FGFs are considered to play substantial roles in 

development, angiogenesis, hematopoiesis, and tumorigenesis. Human FGF-2 (also known as HBGF-2, and 

EDGF) for example is an 18 kDa, non-glycosylated polypeptide and binds to heparin and heparan sulfate with 

high affinity. In general, FGFs are stored in various sites of the body under interactions with GAGs such as 

heparin and heparan sulfate in the ECM to protect FGF family members from inactivation by acid and heat as 

well as from enzymatic degradation. Heparin can also enhance mitogenic activity of FGF-2 and serves as a 

cofactor in receptor binding. 

VEGF is a unique angiogenic factor that is primarily confined to endothelial cells and the major promoter of 

both physiologic and pathologic angiogenesis. VEGF is produced by a variety of normal and tumor cells and its 

expression correlates with periods of capillary growth during embryonic development, wound healing, and the 

female reproductive cycle, as well as with tumor expansion. In addition, VEGF can enhance tissue secretion of a 

variety of pro-angiogenic proteases, including uPA, MMP-1, and MMP-2. 

Naturally, development of blood vessels into any engineered tissues requires VEGF, although many growth 

factors exhibit angiogenic activity (FGFs, PDGF, TGF-β, HGF, and P/GF). Apart from stimulation of 

endothelial cells, induction of angiogenesis, VEGF increases vascular permeability. VEGF is a dimeric 

glycoprotein with four alternatively spliced variants. The receptors for VEGF are VEGFR-1 and VEGFR-2. 

TGF-β1 is the superfamily of growth and differentiating factors. The MW of TGF-β1 is 25 kDa and is 

synthesized by platelets, macrophages as well as in some other cell types. When released, TGF-β1 acts as a 

paracrine growth factor affecting mainly fibroblasts, marrow stem cells, and osteoblast precursors. TGF-β1 

stimulates chemotaxis and mitogenesis of osteoblast precursors, promotes differentiation toward mature 

osteoblasts, stimulates deposition of collagen matrix, and inhibits osteoclast formation and bone resorption. 

PDGF is a glycoprotein existing mostly as a dimer of two chains of about equal size and MW (14–17 kDa). It is 

the first growth factor present in a wound and is released from platelets. PDGF is synthesized not only in 
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platelets but also in macrophages and endothelium and initiates connective tissue healing, including bone 

regeneration and repair. PDGF affects mitogenesis, angiogenesis and macrophage activation, increase of new 

bone formation, proliferation, and matrix synthesis important in wound healing. The four PDGF isoforms (A, B, 

C, and D) are characterized by a highly conserved eight-cysteine domain termed the PDGF/VEGF homology 

domain. The PDGF isoforms exist as disulfide-linked homodimers and heterodimers and differently bind 

homodimer and heterodimer combinations of two receptor tyrosine kinases. PDGF receptors play key roles in 

protein synthesis, chemotaxis inhibition, embryonic neuron fiber development, and bronchial lung development. 

They also demonstrate mitogenic activity for vascular smooth muscle cells (VSMCs), stimulate angiogenesis in 

the heart, activate the immune-, nervous-, and cardiovascular-systems. 

8.2. Delivery of Growth Factors 

The use of growth factors has not always been achieved successfully in vivo. A major reason for this is the high 

diffusibility and short half-life time of growth factors in vivo to effectively retain their biological activities. 

Topically delivered proteins remain at the site of administration for a limited duration only because of protein 

diffusion, proteolytic cleavage, and the early bioabsorption of carriers such as fibrin glue. Application of growth 

factors in tissue engineering requires enhancement of their activities in vivo by means of adequate delivery 

systems. 

9.  Controlled release 

Controlled growth factor or drug delivery is an important issue in tissue engineering especially because 

bioactive molecules can reguate cellular functions such as adhesion, migration, differentiation and proliferation 

and therefore aid development of a functional tissue. With the controlled release of molecules, long-term 

maintanence of effective local concentration is available, and the localized effects are also ensured, while 

systemic effects are limited. 

Future generation of scaffolds will have to provide not only the adequate mechanical and structural support but 

also have to actively guide and control cell attachment, migration, proliferation and differentiation. This may be 

achieved if the functions of scaffolds are extended to supply biological signals able to guide and direct cell 

function through a combination of matricellular signal exposition, growth factor sequestration and delivery. By 

extension from normal tissue formation and repair, important variables in formulations for delivery systems 

include the concentration, timing, and sequence in which the growth factors are introduced. The ability of 

controlled release of multiple bioactive molecules will allow the control of cellular behaviour and succesfull 

regeneration. To circumvent the difficulty of sustained release, high cost and low commercial availability of 

growth factors, several methods have been attempted for sustainable delivery of growth factors. 

The delivery methods include: (1) injection of the protein itself, (2) delivery of genes encoding the growth 

factor, (3) delivering cells secreting the growth factor, (4) embedding the protein in collagen sponge or in porous 

coatings; (5) constant delivery via osmotic pumps; (6) controlled release of protein trapped in an absorbable 

polymer, matrix where the protein diffuses out from. 

9.1. Delivery methods of growth factors 

Injection of the protein or drug itself to the site of growth factor/drug requirement. Injection of protein sor drugs, 

however, is insuffecient as it is difficult to achieve the required concentration and the level of biodegradation 

can be high. 

Delivery of genes encoding the growth factor can take various forms. The most widely employed sequence for 

such studies is for the biosynthesis of VEGF that induces vascularization. Injection of recombinant plasmids 

into the developing tissue is relatively safe but plasmids are vulnerable to nuclease attack and consequently this 

method is inefficient and expensive. Recombinant viral vectors including adenoviruses and retroviruses increase 

gene transfer efficiency but viral delivery methods also have their limitations. While adenoviruses that do not 

incorporate into the genom are most effective to deliver genes into epithelial cells, retroviruses including the 

HIV based lentiviral system integrate into genomic DNA but mostly infect only proliferating cells. Lately, 

however, lentiviruses have been genetically manipulated to deliver genes into non-proliferating cells as well. 

Alternatively, oligonucleotides can be used to manipulate gene expression. Antisense and interference therapies 

are based on silencing RNA. 
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Delivery of cells secreting specific growth factor(s). An alternative and more sophisticated approach to 

overcome issues related to local and controlled delivery of growth factors and to elicit the desired biological 

responses within the scaffold relies on the use of gene manipulated cells. In principle, cells are manipulated 

prior to seeding into the scaffold. Nucleic acids containing a sequence encoding or suppressing specific proteins 

can be introduced into target cells, which are thus prompted to start or cease production of proteins. 

Embedding the protein in collagen sponge or in porous coatings provides a slow and continous release of 

proteins into the culture media. 

Constant delivery via osmotic pumps is an easy method for growth factor delivery. However, the effectiveness 

is questionable, as physiological levels of growth factor concentrations are not necessarily achieved by this 

method. 

Controlled release of protein trapped in an absorbable polymer or matrix where growth factors diffuse out from 

(Figure IX-1). 

 

Figure IX-1: Controlled release profiles in biodegradable systems 

Numerous studies reported on the formulation of protein growth factors within absorbable polymers for use as 

protein and drug delivery vehicles. Although trapping in absorbable polymers seems to yield formulations that 

can deliver active proteins, there is ample evidence in the literature to demonstrate the negative effect of organic 

solvents on protein association and function. Protein can also be adsorbed directly on scaffold surfaces. 

Synthetic oligopeptides containing the adhesion site of fibronectin have been used. The use of biomaterial-based 

devices modified with specific cell-adhesion molecules can maximize the population of stimulated cells. 

9.1.1. Integration of bioactive molecules into scaffolds 

Interspersed signals. Signaling molecules can be integrated within scaffolds by simply interspersing them in the 

matrix. Although this method presents several shortcomings, it has been widely used in the literature. Most of 

these approaches are carried out by hydrogel-based scaffolds in such a way that the hydrogel acts 

simultaneously as a scaffold and a controlled delivery platform. 

Under particular conditions, cells and other bioactive entities can be safely encapsulated in hydrogels before 

gelation. Release characteristic of bioactive molecules may be modulated with crosslinking agents. 

Synthetic solid biodegradable materials have been tested for drug delivery in tissue engineering, especially for 

hard-tissue repair. While widely produced, the fabrication of protein-loaded solid scaffolds poses serious issues 
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regarding protein leaching and stability. Thus, direct encapsulation of proteins in solid scaffolds should be 

preferentially carried out under mild techniques, such as gas foaming and electrospinning. 

Immobilized signals. Polymer scaffolds can be modified to interact with signal molecules, thereby hindering 

their diffusion out of the polymer platform, thus prolonging their release. Signal immobilization can occur 

through reversible association with the scaffold (i.e. binding/de-binding kinetics), irreversible binding to the 

polymer. Alternatively, signals can be released upon degradation of a linking tether or the matrix itself, which 

immobilize the molecule within the scaffold. The number of binding sites, the affinity of the signal for these 

sites, and the degradation rate of the scaffold are key determinants of the amount of bound signal, as well as the 

release profile. 

9.2. Additional protein delivery systems in tissue engineering 

Drug delivery technologies can be of help in designing bioactivated scaffolds in which low or high molecular 

weight molecules should be released in a specific area at preprogrammed rates. First of all, a delivery system 

can offer to its “protein cargo” adequate protection from inactivation occurring in biological environments and 

guarantee the preservation of bioactivity during the whole release duration. On the other hand a fine tuning of 

release rate can be realized by regulating platform composition, shape and architecture. Designed scaffolds 

offering a time-control of the delivered dose can be useful to trigger off the release of a bioactive molecule and 

maintain a specific concentration for extended duration. Furthermore, this strategy gives the opportunity to 

deliver more than one protein at different pre-programmed rates according to the needs of a specific application. 

9.3. Biodegradable and non-degradable platforms 

Non-degradable factors. Pure diffusion-controlled systems based on non-biodegradable polymers, such as 

ethylene-vinyl acetate copolymers (EVAc) and silicones, have been firstly tested/used for the controlled release 

of drugs. Mass transport through polymer chains or pores is the only rate-limiting step. The application of these 

materials is possible in cell encapsulation thus preventing them to interact with the immune system 

Biodegradable systems. Amongst synthetic biodegradable polymers, thermoplastic aliphatic polyesters like PLA 

and PLGA have generated tremendous interest due to their excellent biocompatibility as well as the possibility 

to tailor their in vivo life-time from weeks to years by varying composition (lactide/glycolide ratio), molecular 

weight and chemical structure. Different PLGA formulations for protein release are already on the market 

(Lupron Depot®, Sandostatin LAR® Depot, Nutropine Depot® and Zoladex®) and several examples of 

successful protein and GF delivery through PLGA microspheres are reported in the literature. 

The new generation of poly (ortho esters) (POE) have evolved through a larger number of families spanning 

from injectable viscous biomaterials, where the protein can be directly incorporated by simple mixing, without 

the use of heat or solvents, to a low melting temperature polymer (POE IV) that can be extruded at temperatures 

compatible with protein biological activity. 

Polyanhidrides are biodegradable polymers currently investigated for protein delivery.They are characterized by 

a hydrophobic backbone carrying hydrolytically labile anhydride linkages. Differently from PLGA copolymers, 

polyanhydrides are believed to undergo predominantly surface erosion providing a better and easier control over 

the protein release kinetics through the material formulation. 

On-off biodegradable drug delivery systems. Protein and peptide release can be engineered to occur in a 

pulsatile mode, intended as the rapid and transient release of a certain amount of drug molecules within a short 

time-period immediately after a pre-determined off-release interval. The devices are classified into 

“programmed” and “triggered” delivery systems. In programmed delivery systems, the release is completely 

coordinated by the inner mechanism of the device. In triggered delivery systems the release is overseen by 

changes in the physiologic environment of the device or by external stimuli. External stimuli include changes in 

temperature, electric or magnetic fields, ultrasounds and irradiation that can all activate drug release. 

In the case of programmed delivery systems precisely timed drug delivery can be accomplished by the 

spontaneous hydrolysis or enzymatic degradation of the polymer comprising the device. Bulk- and surface-

eroding systems may be engineered to achieve pulsed protein delivery by modifying the composition of the 

device with PLGA, cross-linked hydrogels, polyanhydride, and the combination of all biodegradable polymers. 

10.  Biosensors 
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By definition, a biosensor is a device that transforms or detects a biological signal and transforms it into a more 

easily detectable one. A biosensor can also trigger response to the original signal. Due to the complexity of 

biosensor generation, interdisciplinary cooperation is required in the fields of biomedical engineering, chemical 

engineering, biomaterials, tissue engineering, polymer science, chemistry and pathology in order to successfully 

develop an implantable biosensor with a prolonged lifetime. The way tissues and biosensors interact is modeled 

in Figure X-1. 

 

Figure X-1: Modeling tissue and biosensor 

One of the main objectives of tissue engineering research programs into biosensors is to develop a reliable 

glucose sensor that can be totally implanted in diabetic patients for years. To this date, no one has been able to 

achieve this goal. Nevertheless, huge efforts have been made to generate glucose biosensors. Currently, the most 

interesting ones belong to a class of self-regulated delivery systems, the biomolecule-sensitive hydrogels that 

can responde to specific physiological stimuli, such as increase of glucose levels or the presence of special 

proteins and/or enzymes. With other words, hydrogels behave as biosensors. 

A great deal of interest has been focused to glucose-responsive insulin delivery since the development of pH-

responsive polymeric hydrogels that swell in response to glucose. The “intelligent” system consists of 

immobilized glucose oxidase in a pH-responsive polymeric hydrogel, enclosing a saturated insulin solution. As 

glucose diffuses into the hydrogel, glucose oxidase catalyzes its conversion to gluconic acid, thereby lowering 

the pH in the microenvironment of the membrane, causing swelling and insulin release. 

To be able to develop reliable glucose biosensors: 

(1) novel electrodes are required to decrease invasiveness of the implantable glucose biosensor; (2) bioactive 

coatings are necessary to enhance the in vivo life of the implantable glucose sensor; (3) biosensor coating using 

electrospinning nanofibres need to be developed; (4) tissue responses are needed to be studied further to 

optimize tissue responses to biosensor signals; (5) angiogenesis around the glucose sensor need to be increased 

to improve detection potential of glucose levels and; (6) finally, novel biostable 3D porous collagen scaffolds 

need to be developed for tissue compatible biosensors. 

11.  Aggregation cultures 

11.1. Types of aggregation cultures 
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11.1.1. Natural aggregates 

While various types of scaffolds are essential to shape the engineered tissue‟s morphology and physiological 

function, it has been realized that scaffolds are not necessarily premade as cells can secrete their ECM and can 

generate their own scaffolds. This observation and the ability of cells to adhere to each-other and various 

surfaces (Figure XI-1) are exploited in aggregation cultures. 

 

Figure XI-1: Cell adhesion 

Suspension aggregates. Similarly to several other tissue types, monolayer cultures of chondrocytes 

dedifferentiate while cell-matrix interactions that control multiple differentiation processes can preserve 

chondrocyte differentiation. In suspension culture, phenotypically stable chondrocytes disperse in the culture 

medium first, then proceed to form aggregates. This aggregation process is thought to reproduce in situ 

interactions, since phenotype that bears high similarity to the native cartilage environment is maintained in 

aggregate or pellet cultures. Studies of the specific molecular mechanisms involved in forming chondrocyte 

aggregates elucidated both cell-cell and cell-matrix interactions during the process. The molecular mechanisms 

have been shown not to involve (1) direct cell-cell interactions rather (2) aggregating to a collagen II and 

cartilage oligomeric protein (COMP) rich matrix as well as (3) to β1-integrin, which binds a triple helical 

GFOGER sequence found in collagens. β1 integrin has also known binding properties to collagen type II, 

namely integrins α1, α2, α10, or α11 β1. At later stages cell-matrix and cell-cell interactions in cartilage are of 

crucial importance in mediating cartilage development, homeostasis, degradation and cell survival. These 

interactions have been extensively studied in the context of limb bud mesenchymal cell condensation, an early 

stage of cartilage development that is believed to be mediated by cell-fibronectin interactions. After the initial 

condensation stage, cell-cell contacts are strengthened by direct cell-cell adhesion via the homotypic cell 

adhesion molecules, NCAM and N-cadherin. Perturbation of NCAM and N-cadherin activity results in reduced 

or altered cell aggregation and chondrogenesis in vitro and in vivo. However, NCAMs and N-cadherins then 

disappear from the forming cartilage and are not expressed by differentiated chondrocytes in situ. In healthy 

adult cartilage, there are no cell-cell contacts, but rather functional cell-matrix contacts, primarily integrin-

mediated, between differentiated chondrocytes and components of the extracellular matrix (ECM). 

Understandably, administration of collagen type I to chondrocytes in suspension increases aggregation, whereas 

collagenase inhibits it. 
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Gravity aggregates – Hanging drop (HD) cultures. For in vitro aggregation of various cell types hanging-drop 

culture can be used (Figure XI -2 and Figure XI -3). 

 

Figure XI-2: Microgravity culture (hanging-drop) I 

 

Figure XI-3: Microgravity culture (hanging-drop) II 

Microgravity culture was developed where cells are inoculated into a drop of fluid attached to a coverglass 

inverted over a hollow slide. To aid this kind of cellular aggregation, sterile, specific plastic plates (Terasaki 

plate) have been designed. 60-well and 72-well Terasaki plates are made of medical-grade polystyrene. The 

creates a hanging drop that is kept in place by the capillary effect. Within the drop of fluid, cells of the 

suspension can gently sediment and form an aggregate. As the volume of the well limits the amount of nutrients 

in the culture, once the aggregate is formed, the microtissue needs to be transferred to a larger container. 
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Tissue engineering application of both suspension and hanging drop aggregation cultures has been successful in 

the generation of embryoid bodies (EB). From enzymatically digested clumps of undifferentiated human 

embryonic stem cell (hESCs) colonies, embryoid bodies (EBs) are formed following in vitro aggregation. 

Aggregation of hESCs allows for the spontaneous differentiation of cells representing endoderm, mesoderm, 

and ectoderm lineages. Both aggregation methods allow addition of exogenous growth factors or overexpression 

of regulatory genes to enhance the generation of differentiated cells. Added factors include: hematopoietic 

cytokines in combination with the mesoderm inducer BMP-4 that can generate up to 90% of CD45+ 

hematopoietic cells with colony-forming unit (CFU) activity. 

Gravity aggregates – Spun-down aggregates. To decrease proximity of cells and increase the potential for 

forming aggregates, cell suspension cultures of purified rodent or human cells are spun together to create 

aggregated organ cultures. These types of aggregated organ cultures are easily assembled, cellular composition 

can be carefully selected, cell types can be manipulated (gene expression modification, physiological dies, etc) 

creating a well controlled environment for research studies and to model disease processes. 

11.1.2. Synthetic cell aggregation 

In synthetic cell aggregation the main concept is to create a polymer bridge between two cells that holds them 

together (Figure XI -4). 

 

Figure XI-4: Synthetic cell aggregation 

The polymer can also be substituted with cell adhesive molecules that following cross-linking, aid 

agglomeration of cells. Various materials are used for synthetic cell aggregation including chitosan, modified 

polyethylene glycol (PEG), lectins and derivatives, PLGA nanospheres, etc. Chemical cross linking of cells is 

also used by applying biotinylated cell cross liners (Figure XI -5). 

 

Figure XI-5: Biotinylated cell cross-linking 

Cells can also be seeded on high cellular density onto porous scaffolds. Confined to the pores, cells are forced to 

aggregate. Placed into bioreactors movement of the media facilitates delivery of nutrients and oxygen that can 

enhance proliferation of cells leading to further aggregation. 

12.  Tissue printing 
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3D tissue printers were developed based on the inkjet technology to create solid objects with extremely complex 

shapes. Organ printing can be defined as layer-by-layer additive robotic biofabrication of three-dimensional 

functional living macrotissues and organ constructs using tissue spheroids as building blocks. The microtissues 

and tissue spheroids are living materials with certain measurable parameters. Closely placed tissue spheroids 

undergo tissue fusion (Figure XII-1) – a process that represents a fundamental biological and biophysical 

principle of developmental biology and directed tissue self-assembly. 

 

Figure XII-1: Cell clusters fuse into microtissues 

To print tissues, inkjet printers can hold a suspension of human cells in one reservoir and a gel-like substrate in 

another (Figure XII-2). 

 

Figure XII-2: The first tissue printer 

http://itotd.com/articles/392/3-d-printers/
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Each pass of the print head lays down a pattern of cells held in place by the gel. When the next layer is applied, 

the adjacent cells begin to fuse to the layer beneath. 

The gel that functions as the substrate for this type of tissue printing is created with the powdered material used 

in rapid prototyping. The gel, however, must be removed after the rest of the structure has solidified. The 

thermo-reversible gel is solid above 32°C and turns into liquid when cooled below 20°C. Once the cell spheres 

have fused, the tissue is cooled and the liquefied gel can be drained away. 

To be able to print blood vessels, each layer has to contain a circle of cells in the same location that can fuse 

creating a tube. It is possible to engineer small segments of an intraorgan branched vascular tree by using solid 

and lumenized vascular tissue spheroids. A printer could in fact hold different kinds of cells in an array of ink 

reservoirs (similar to those used by color printers), theoretically enabling the creation of entire organs. 

Organ printing could dramatically enhance and transform the field of tissue engineering by enabling large-scale 

industrial robotic biofabrication of living human organ constructs with “built-in” perfusable, branching 

intraorgan vascular tree. This thechnology, however, is still in its infancy and cannot be expected to produce 

complex organs at least for another decade. 

13.  Tissue repair 

13.1. Engineered tissues for transplantation 

Hemopoietic stem cell transplantation (HSCT) is increasingly available worldwide for the therapy of multiple 

diseases. In 2010, more than 25,000 HSCT were performed. Bone marrow stem cells (BMSC) are amongst the 

most easily and frequently obtained SC populations but multipotent adult progenitor cells (MAPC) are also 

often used for tissue therapy. Diseases that are treated with tissue thearapy include cardiovascular and ischemic 

diseases, diabetes, hematopoietic and liver diseases. Stem cells have recently been increasingly applied in 

orthopedic surgery too. Although embryonic stem cells pose some advantages – like being pluripotent, being 

easy to isolate and highly proliferative in culture with high capacity –, over adult stem cells, they are not applied 

yet in clinical trials. Beside the ethical issues, there are added disadvantages to deal with including 

differentiation into inadequate cell types, immune rejection and tumor induction. Germ stem cells are also 

pluripotent but their disadvantages include the extremely scarce harvesting source and also there is the risk of 

development of embryonic teratoma cells, consequently today‟s therapies apply adult stem cells. The advantages 

of adult stem cells are: multipotency, a greater differentiation potential, the induction of immune rejection 

reactions are less likely as donor and patient samples can be easily HLA typed, the differentiation or 

proliferation may be stimulated by drugs. Their disadvantages include the scarce source and isolation 

difficulties, the slow growth, and poor differentiation in culture. Moreover, the yield of differentiated cells is 

also low so the production of differentiated cells in adequate amounts for transplantation makes this technology 

less desirable. 

There are not just hemopoetic malignancies, like lymphomas or leukemia among the diseases treatable with 

HCT, but it is applied also in case of hereditary immunodeficiencies like X-linked immunodeficiency, or Severe 

Combined Immunodeficiency (SCID). HCT has also been introduced in aplastic hematologic diseases including 

forms of agranulocytosis or aplastic anaemia. HSCTs are located in the bone marrow (BM) and they can be 

distinguished via the expression pattern of some cell surface marker molecules. HSCs can be obtained from the 

patient (autologous), an identical twin (syngeneic), or an HLA-matched donor (allogeneic). Since there are lots 

of patients in need of HSCT and there is a relative shortage of HLA-matched donors, now there are available 

databases to shorten the waiting period. HSCT is a complex multistep procedure involving mobilization using 

colony-stimulating factor (GCSF) and cyclophosphamide. Once HSCs are mobilized, they are collected by 

plasmapheresis and a selection is performed for CD34+ cells. The recipient is then conditioned with 200 mg/kg 

cyclophosphamide with or without antithymocyte globuline (ATG). ATG is for the elimination of the T-cells of 

the recipient which are capable of mounting an aggressive immunoresponse against the grafted cells resulting in 

host-versus-graft reaction. Then HSCs are infused to the patient. 

Cartilage repair. Cartilage is an ECM-rich, avascular tissue. As the cartilage has no blood vessels and nutrition 

is only available via diffusion, the slow metabolic activity of chondrocytes makes it difficult for to heal itself 

following severe tissue injury. Differentiated chondrocyes secrete chondroitin-sulphate, collagen, elastic fibers, 

etc. but natural repair of hyalinous cartilage results in fibrous cartilage of poor mechanical properties. Naturally, 

cartilage injury is a target for cellular therapy where well designed engineered tissues could be the solution. 
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In vivo, body weight and joint motion exerts dynamic loading on hyaline cartilage covering joint surfaces, so to 

mimick these forces, mostly compression bioreactors are used in cartilage tissue engineering. The cartilage 

tissue aggregate‟s modulus is no more than 40% of native tissue in static cultures, but dynamic loading can 

increase modulus of tissue engineered cartilage near to the physiological value. Dynamic loading stimulates 

ECM production of chondrocytes thus increasing the modulus and load-bearing capacity of the tissue 

engineered tissue. Also, the addition of growth factors such as TGFβ also enhances differentiation of 

chondrocytes. However it has to be mentioned, that compression loading is much more effective promoting 

chondrocyte differentiation than TGFβ. For bioengineering functional load-bearing tissues, like cartilage or 

bone, mechanical load has to be applied in the bioreactor. These forces are needed to express mechanosensitive 

Ca++ channels and to stimulate the rearrangement of the cytoskeleton. Mesenchymal SCs need mechanical 

strain for their differentiation to be directed towards cartilage or bone. 

Bone repair. Bone defects and non-healing fractures are associated mainly with traumatic injuries or 

reconstructive surgery. Since bone is also a poorly vascularized tissue and bone cells exert low level metabolic 

activity, speeding up the healing process is often a challenge. To speed up bone formation, the application of 

autologous or allogenic bone grafts is quite widespread. There are also available trial data from implanted 

xenografts. However, these methods are associated with donor site morbidity and sometimes with chronic pain. 

Moreover, the use of allografts or xenografts will always pose the risk for disease transmission and infections. 

Not surprisingly, autologous tissues or stem cells are preferred in making engineered bones. 

Liver repair The liver in vertebrates is responsible for metabolism, energy homeostasis, detoxification, bile 

production and synthesis of plasma proteins. In case of injury the intrinsic repair capacity of the liver may be 

insufficient. Today the long-term therapeutic option for liver failure is transplantation. Liver failure is a very 

serious, often lethal condition. The main causes of liver failure are: (1) Toxic agents, (2) Infectious diseases and 

(3) Intrinsic cause. Toxic substances include mainly various drugs, alcohol, or hazardous chemicals that are 

metabolized by the liver. Other causative agents are for liver failure hepatitis viruses, some bacteria, and 

parasites (e.g. malaria). Intrinsic causes include genetic or autoimmune diseases. 

Liver transplantation is the only long term therapy for liver failure. Although it is a life-saving therapy, there are 

many complications associated with liver transplantation. The main complications are caused by immune 

suppression which is needed to prevent rejection of the allograft. The immunosuppressed patient is prone to 

infections and there are the potentially serious side-effects of immune suppressants. Moreover, donor shortage is 

a worldwide problem so the patients with liver failure might not survive till an appropriate donor is found. 

The therapeutic potential in cellular therapy of liver failure is great because the use of autologous cells 

eliminates the need for immunosuppression. It is also less invasive than organ transplantation and can be 

repeated multiple times, if needed. However, the greatest limiting factor in the use of cellular therapy in liver 

failure is the inability of (1) producing a sufficiently large number of hepatocytes and (2) keep differentiated 

hepatocytes ready for use on-demand. There are multiple possibilities of obtaining cells for cellular therapy of 

the liver: (1) The expansion of existing hepatocytes; (2) Using stem cells to in vitro differentiate into 

hepatocytes, and (3) using stem cells in vivo for liver regeneration. 

HSC and liver regeneration. In both animals and humans hepatocyte stem cells contain a population expressing 

both stem cell markers (CD34, c- -

This cell population is hypothesized to be able to differentiate into hepatocytes thus potentially useful in liver 

repair. When bone marrow stem cells were cultured in the presence of hepatocyte growth factor (HGF), cells 

showed hepatocyte-like characteristics, e.g. they secreted albumin and were positive for αFP. 

MSC and liver regeneration. Multipotent adult progenitor cells (MAPC) are a subpopulation of MSCs. 

Experiments demonstrated that human MAPC are capable of differentiation into hepatocyte-like cells in the 

presence of HGF. However, since their differentiation into hepatocytes is slow, the potential of clinical use of 

these cells as hepatocyte progenitors is questionable. 

Injury-induced differentiation of BMSC in animal models. One murine model for liver injury is the lethal 

tyrosinaemia model. These mice are deficinent in Fumarylacetoacetate hydrolase (FAH) which catalyzes the 

final step in the degradation of tyrosine. In experimental conditions, female FAH-/- mice were subjected to 

BMSC transplantation from a sex-mismatched normal syngenic donor. In the transplanted animals substantial 

liver regeneration was observed. After 22 weeks, one-third of the hepatocytes were of donor origin based on the 

detection of the donor-derived Y-chromosome. In another model (acetaminophen-induced liver cirrhosis model) 

by a similar experimental setup, 25% of hepatocytes were of donor origin after just 4 weeks. Clearly, there is a 

potential for microenvironment induced differentiation of hepatocytes from BMSC. 
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Cardiac repair. In the developed world the most frequent cause of morbidity is disease of the cardiovascular 

system. Consequently, heart failure (acute or chronic) is one of the most common causes of death. Since the 

intrinsic repair capacity in the heart is limited, great efforts have been made to enhance cardiac injury repair 

using different techniques including cellular therapies and tissue engineering. Today, the wide-spread 

application of effective reperfusion therapies resulted in the increased number of patients surviving myocardial 

infaction. However, after massive injury of the cardiac muscle the fully functional regeneration is seldom 

achieved and the patient has to live on with substantially decreased quality of life. 

Today the only effective therapeutic possibility in end stage heart failure is heart transplantation. However, 

many patients are lost to the continuous shortage of donors. The aim of therapies is always to enhance the 

impaired left ventricular function. A temporary solution for these patients is the use of ventricular assist devices 

(VAD) which is applied to “bridge” the period of time until an appropriate donor is found. VADs are 

implantable mechanical pumping devices (either continuous or pulsatile) taking over the pumping function of 

the heart. The VAD once implanted may significantly improve both length and quality of life. The longest 

survival with a VAD was seven years. These devices are built mainly from titanium and plastics which are 

biocompatible, but still an inorganic surface. The main risks for VAD patients are complications from blood 

clotting and infections that both could result in a potentially lethal condition. 

Heart transplantation is a widespread therapy in all developed countries, but the complications resulting from 

immunosuppression are quite serious and because of the donor shortage many patients die while waiting for the 

surgery. Cellular therapy may provide novel solutions in cardiac repair. Clinical trials with stem cells have been 

conducted using stem cells from bone marrow (Figure XIII-1). 

 

Figure XIII-1: Bone marrow cells in cardiac repair, and skeletal myoblasts 

In a rodent model, primitive adult bone marrow cells were identified with a high capacity to develop into cells 

of multiple types. When injected into the damaged wall of the ventricle, these cells led to the formation of new 

cardiomyocytes, vascular endothelium, and smooth muscle cells, thus generating de novo myocardium, 

including coronary arteries, arterioles, and capillaries. In humans, there is also evidence that stem cells from 

bone marrow can differentiate into adult cardiomyocytes. Patients who have received bone marrow from sex 

mismatched donors, cardiomyocytes with a donor-derived Y chromosome could be detected. Also, increased 

BMSC homing to injured heart regions was observed. This is an evidence for cardiomyocyte transdifferentiation 

in humans. 

Recently, new evidence shows that there are intrinsic cardiac progenitor cells which participate in the repair of 

damaged heart muscle. Adult stem cells have also been identified in cardiac repair both in rodent models and in 

humans. Dividing cardiac cells and multiple types of proliferating cells were spotted in injured heart muscle. 

The markers of these proliferating cells resembling cardiomyocytes included CD34, CD45, c-kit, Sca-1, CD31 
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which are mostly characteristic for undifferentiated cells but these cells have also been positive for mature 

cardiac markers. Grafted myoblasts form myotubes in the myocardium and can eventually mature to become 

well-formed contractible myofibers. The only serious complication in the recipients was the occurrence of 

ventricular arrhythmias. As there was no placebo-control (e.g. patients who did not receive skeletal myoblasts) 

in the clinical (Phase I) studies and the number of treated patients was very small. This makes interpretation of 

the outcome and benefits impossible. However, the end-point measurements in these studies highlight 

improvement in the quality of life, reduced nitroglycerine consumption, enhanced exercise tolerance, 

improvement in wall motion by echocardiography, and significantly reduced perfusion defects. 

Although their cardiogenic potential is assured, the therapeutic use of embryonic stem cells is problematic 

because of ethical issues. For application in injury repair the hESC needed to be differentiated. The injury itself 

is not enough to trigger growth and functional replacement. Moreover, inflammatory cytokines damage the 

grafted cells. Application of anti-inflammatory treatment and administration of protective agents for graft 

support (IGF-1, pan-caspase inhibitors and NO blockers) have been attempted, still the implanted differentiated 

cardiomyocytes triggered an immunoresponse in immunocompetent mice. The risk of teratoma is always an 

additional problem concerning ESC implantation. 

Tooth regeneration. The loss of teeth is a problem affecting many people and not just in the senior population. 

So the replacement of lost teeth may improve the quality of life of a large number of patients. Nowadays lost 

teeth are replaced by plastic, ceramic or metal prostheses but these prostheses are poor in replacing the function 

of the original teeth. The idea of tissue engineered teeth is to reproduce the developmental process of 

organogenesis and develop functioning organs which may fully replace the original (Figure XIII-2). 

 

Figure XIII-2: Concepts for tooth bioengineering 

In current research on whole-tooth regenerative therapy, a basic strategy is the transplantation of bioengineered 

tooth germ, which can develop into a fully functional tooth. 

To achieve the goal of tooth engineering, development of teeth has been studied extensively in mice. Tooth 

arises from the tooth germ, which are induced by the reciprocal epithelial-mesenchymal interactions in the 

developing embryo. On embryonic day 11 in mice, the epithelium thickens and invaginates into underlying 

mesenchyme. On day 14 of embryonic development, the epithelium grows to surround the mesenchyme to form 

a cap-stage tooth germ. Later on, between day 15 and 18 of embryonic development, tooth germ is in the “bell 

stage”. It is then when epithelium and mesenchyme differentiate into ameloblasts, which later respectively 

become enamel and odontoblasts which will form dentin. Mesenchyme also differentiates into the dental pulp 

and into periodontal tissues, which will become cementum, alveolar bone, and periodontal ligament. 
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As described by many experts in the dental field, four major hurdles must be overcome to enable us to develop 

the tooth regenerative therapy. One is the improvement of a bioengineering method for three-dimensional organ 

germs using single cells. Secondly, we must clarify the development of the bioengineered tooth germ in adult 

oral environment. Thirdly, the application of dental regenerative therapy, in practice, may be optimized by using 

the patient‟s own cells for the prevention of immunological rejection by allogenic transplantation. Finally, the 

transplantation of the morphologically controlled regenerated tooth would be better by in vitro organ processing. 

To generate a complete, entirely bioengineered tooth by transplantation of bioengineered tooth germ, the four 

major obstacles need to be overcome. 

Urogenital repair. The major causes of urogenital injuries resulting in total or partial loss of function include 

congenital malformations, trauma, infection and inflammation. Currently, the repair possibilities are mainly left 

for surgical procedures, although, there are both clinical trials and animal experiments using tissue engineering 

with promising results. The uroepithel lining of the urogenital tract possess unique features. This epithelium is a 

multi-layered cuboid epithelium, which has the main task – in contrast to other epithelia – to excrete waste 

materials not to absorb nutrients or water. Recent surgical solutions favor intestinal autografts for urethra, 

urether or bladder replacement or repair. However, the different structure and function of the urogenital 

epithelium from the gastrointestinal epithelium often leads to severe complications after complex surgical 

procedures. Repair surgeries mostly use some graft tissues which is usually autologous non-urogenital tissues 

like skin, gastrointestinal segments, or mucosa from multiple body sites. Typically, allogen tissue is used in case 

of kidney graft for transplantation, where the donor is either cadaver or alive. For other repair surgeries cadaver 

fascia, or xenogenic materials can be used, like bovine collagen matrices or artificial materials as silicone, 

polyurethane or Teflon. 

Cells for urogenital tissue regeneration. Obtaining cells for tissue regeneration is a major task and significant 

challenge in many cases. This is often limited when end stage organ damage restricts availability of cells for 

tissue repair. Moreover, when in vitro cultured cells are used, the outcome of the reconstruction is often not 

favourable and the function of the reconstructed organ is different compared to non tissue damaged patients. For 

example, when in vitro cultured smooth muscle cells are used for bladder reconstruction, the newly formed 

tissue will show lower contractility than physiological bladders. Also, low cell number is a serious limiting 

factor in the creation of tissue engineered urogenital organs. Although epithelial function is significantly 

different, recent methods favor intestinal autografts for urethra, ureter or bladder repair. 

Biomaterials for genitourinary reconstruction. Biomaterials used in reconstructive surgery in the urogenital tract 

can be either artificial or natural materials. Their function is to replace the functions of the ECM so the 3D 

structure of tissue formation will be readily available for cells. Also the regulation and stimulation of cell 

differentiation via the storage and release of biactive factors is an important issue. Experiences show that 

injecting cells without scaffold support is not effective. Among the naturally derived biomaterials used for 

genitourinary reconstruction is collagen and alginate that are used as acellular tissue scaffolds in reconstructive 

surgeries. The autologous tissues include bladder submucosa, buccal mucosa, and small intestinal submucosa 

(SIS) that are often seeded on synthetic polymer materials including PLA, PGA and PLGA. 

Urethra reconstruction. Most often buccal mucosa grafts are used for reconstruction. In this case, graft tissue is 

taken from the inner surface of the cheek or lips. The use of buccal mucosa is favored because of the easy 

accessibility and handling of the graft tissue. The epithelium is thick and the submucosa is highly vascular 

therefore the graft is resistant for infections. Other surgical solutions use tissues mainly from the gastrointestinal 

tract for the necessary replacements. Widely used tissues are the bladder-derived urothelium in animal 

experiments, however, no human trials have been conducted yet. Experiments conducted in animals have also 

produced promising results using decellularized collagen matrices in “onlay” reconstructive surgeries when the 

whole tubular cross-section was not replaced. Using this graft resulted in strictures when tubularized 

reconstructions were performed. In contrast in animal studies, tissue engineered urethra replacements made from 

decellularized and tubularized matrices that were seeded with autologous urothelium proved to be superior in 

surgical procedures and gave good results in urethra repair as similar to normal hystological structure was 

developed. 

Bladder reconstruction. Bladder replacement is often needed after traumatic injury or the removal of the bladder 

after oncologic surgery. Bladder reconstruction is done most commonly using intestinal-derived mucosal sheets. 

However, these solutions often result in various complications including infection, urolithiasis, metabolic 

disorders, perforation and increased mucus production. Even perforation of the grafted tissue may occur and the 

frequency of malignancies is also higher after these surgical reconstructions. 



 Three dimensional tissue cultures 

and tissue engineering 
 

 40  
Created by XMLmind XSL-FO Converter. 

Progressive dilatation of native bladder tissue was an experimental concept used in animals. Experiments for 

bladder augmentation were also performed using uretheral segments, decellularized seromuscular grafts, or de-

epithelized bowel segments. The results of re-epithelization of the non-seeded acellular matrices was good but 

the function did not match the physiological one as the bladder construct did not contain the striatum 

muscularis. When the matrices (consisting of the combination of PGA and collagen) seeded with epithel and 

smooth muscle cells the formation of a muscular layer was successful and the compliance was fair. 

Urether reconstruction. There has been several animal studies conducted addressing the application of tissue 

engineering for ureter reconstruction. In one study, non-seeded matrices facilitated the re-growth of the uretheral 

wall components in rats. However, a similar study applied non-seeded acellular matrices in dogs. These proved 

to be unsuccesfull in replacing a 3 cm long uretral segment. Stiff tubes like teflon were also tried in dogs with 

disappointing results. When biodegradable scaffolds were seeded with cells, the reconstruction of an uretheral 

segment was satisfying but further studies are needed to get this technology into rutine therapy. 

Kidney replacement therapy. Currently two options are available for the treatment of end-stage renal failure. 

One is dialysis, the other is kidney transplantation. In dialysis the most abundantly used two kinds of therapies 

are hemodialysis and peritoneal dialysis. In case of hemodialysis or hemofiltration an extracorporeal dialyzer 

unit is used to remove the excess waste materials from the patients‟ blood. Anticoagulated venous blood is let 

through the dialyzer, and a countercurrent of dialysis solution is applied. In peritoneal dialysis the dialysis 

solution is applied in the peritoneal cavity, and the peritoneum serves as the semipermeable membrane. As in 

dialysis patiens cardiovascular, metabolic and muscoloskeletal complications are frequent, dialysis cannot be 

continued indefinitely and organ transplant can provide a more permanent solution. 

Kidney transplantation. Kidney – retrieved from cadavers or live donors – is the most often transplanted 

parenchymal organ. Although kidney transplantation often leads to an improvement in the quality of life of 

dialyzed patients, the implantation of allogenic grafts needs immunosuppressive treatment which is 

accompanied by side effects. These involve increased risk of infections and malignancies, kidney and 

hepatotoxicity, cardiovascular and metabolic disorders. 

Tissue engineered kidney. Because of the long-term complications of recently available kidney replacement 

therapies, the development of the bioartificial kidney (Figure XIII-3) has been addressed. 

 

Figure XIII-3: Bioartificial kidney 

The aim is to replace dialysis machines with bioartificial kidney without the need of immunosuppression. There 

are several trials (animal) with extracorporeal bioartificial kidney devices. A preclinical trial on dogs with 

porcine TE renal tubules was conducted and the machine was successful in controlling BUN and K levels. 

However, the problem with extracorporeal devices is that the patient is still tied to an extracorporeal machine. 
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In vivo approach is more complicated and experiments are conducted with human kidney cells seeded onto a 

polycarbonate tubular construct to find a solution. Upon inplantation in nude mice the construct was extensively 

vascularized and the production of urine-like fluid was present. The excreted yellowish fluid contained urea and 

creatinine in amounts comparable to dilute urine. The seeded epithelial cells showed signs of tubular 

differentiation too. 

Proposed in vitro kidney engineering strategy. In a murine model attempts have been made to engineer a kidney 

in vitro (Figure XIII-4). 

 

Figure XIII-4: In vitro engineered murine kidney 

First, the Wolf duct was isolated and induced to bud. Then, each bud was isolated and induced to undergo 

branching. The branched in vitro-formed uretheral bud was then recombined with metanephric mesenchyme. 

After 4–6 days of mutual induction, the recombined tissue resembled a late-stage embryonic kidney. The 

recombined tissue was then implanted into a host animal where it was vascularized and formed glomeruli. 

14.  Commercial products 

The definition of “organ failure” is organ dysfunction to such a degree that normal homeostasis cannot be 

maintained without external clinical intervention. Clinical intervention may involve conservative supportive 

therapy and surgical reconstruction therapy. However, in many cases, these therapies are not curative. 

Nowadays, the only curative therapy for organ failures is organ transplantation. 

Regenerative medicine offers the solution to avoid graft rejection, the most common complication of 

transplantation. This is the process of creating living, functional tissues to repair or replace tissue or organ 

function lost due to damage, or congenital defects. Also regenerative medicine has the potential to solve the 

problem of the shortage of organs available for donation compared to the number of patients that require life-

saving organ transplantation, as well as solve the problem of organ transplant rejection, since the organ's cells 

will match that of the patient if autologous cells can be used. 

Commercialization of tissue engineering is the recent advancement of medicine. The rapid development of 

tissue engineering allows the commercialization of several products because healthcare has an increasing market 

for organ repair in developed countries. Especially, as ageing populations dramatically increase in developed 

countries and with age the incidence of organ failure increases due to chronic diseases. More and more products 

are approved for regular clinical use as it is applicable for an increasing number of patients. Medicinal products 

and medical devices must, by law, be tested to the satisfaction of the competent authority before they can be 
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sold. Authority in the UK is the Medicines and Healthcare Products Regulatory Agency (MHRA), while in 

Europe, the member states define regulations that implement directives that are developed by the European 

Commission. The main recommendations for testing a biomaterial or medical device in order to comply with 

these regulations are contained within the unwieldy document ISO 10993, which sets out some of the 

parameters that may be considered important for different classes of device. 

14.1. Products for cardiovascular diseases 

Artificial heart valves have been used for a long time as the replacement of damaged valves. Most of them are 

mechanical heart valves, made of biocompatible metal alloys and plastics. These have a durable structure, which 

may last for many years because the construction is able to withstand the continous workload. The main 

complications of these mechanical valves result from their non-biological surface. These may cause blood 

clotting disturbances and bacterial infection is also a serious risk because bacteria may colonize the non-

biological surface thus resisting the clearance by the immune system. 

Biological heart valves are made of valves of animals, like pigs, which undergo de-cellularization procedures in 

order to make them suitable for implantation in the human heart. There are other types of biological valves 

which consist of decellularized equine or bovine pericardium sheets sewn to a frame. This is then implanted 

during surgery. Unfortunately, current biological valves are less durable than mechanical valves. 

Tissue engineered heart valves are various scaffolds seeded with endothelial cells. The perspective of the 

widespread application of these engineered heart valves offer the combined advantage of biological surface and 

durability near to the original human heart valve. Tissue engineered heart valves pose no risk of clotting 

disorders and no increased infection risk and they have similar mechanical properties to those of native valves. 

Today BMSC seeded to heart valves are available but only for the pulmonary circulation (right heart side). 

Replacement of blood vessels, arteries and veins. Arterial “organ failure” occurs mainly as a result of 

atherosclerosis, venous “organ failure” occurs most frequently in venous varicosity. Damaged veins of the lower 

extremity are simply excised (varicectomy). Seriously damaged or occluded arteries, however, have to be 

replaced. Arterial grafts can be made from other self arteries, self veins or artificial graft constructs. Xenografts 

are sometimes used in vascular tissue engineering, they can be decellularized veins, ureters or intestinal 

submucosa from animals usually canine, porcine, rabbit are used. Recently, deccellularized human venous 

allografts are used also. Blood vessels can also be “printed” using the novel “Tissue printing” technology 

described in Chapter XV. The cells forming bioink are a mixture of smooth muscle and endothelium but further 

work is needed for printed vasculature to reliably withstand blood pressure. 

Vascular grafting in surgical practice normally means the usage of autografts: the patient‟s own veins or arteries 

to bridge closures on blood vessels. For example coronary artery bypass graft surgery uses the mammary artery 

or autologous vena saphena grafts to bridge blocked coronary arteries. Sometimes even 3–4 grafts are used in 

one patient. Another treatment option for occluded arteries is vascular stenting: this method re-opens the 

occluded artery with a metal or sysnthetic stent. The implanted stent is non-resorbable thus it keeps the vascular 

lumen open. The graft is placed via percutaneous coronary intervention in the coronary arteries. Larger grafts 

can be used for the treatment of abdominal aortic aneurysm. 

Arteficial blood vessels are made of synthetic materials e.g. teflon. These are used to bridge arteries when a 

seriously diseased peripheral artery (e.g. the femoral artery or the external iliac artery) is occluded. In this case 

the aorta is connected with the diseased vessel bridging over the occlusion site (e.g. aortofemoral bypass). 

However, the patient needs constant anticoagulant treatment and the risk of infection is quite high. 

In vascular tissue engineering decellularized veins, ureters or intestinal submucosa from animals (of canine, 

porcine or rabbit origin) are often used as xenografts for blood vessels. Recently, human allografts are also used. 

Synthetic materials, like PCLA-PGA copolymers were in clinical trials as heart valve constructs seeded with 

BMSC. These grafts were implanted in paediatric patients, but good results were only achieved in the low-

pressure pulmonary circulation. 

Tissue engineered blood vessel (TEBV) production is quite challenging. One trial used HUVEC and SMC cells 

which were grown in conventional tissue culture flasks to form a monolayer. After several weeks the monolayer 

of cells could be peeled off and wrapped around inert tubular supports to form concentric layers. The inner one 

consisted of a dehydrated fibroblast sheet, the next layer consisted of smooth muscle cells and an external 

fibroblast sheet was rolled on to form an adventitia. This construct was cultured for several weeks to allow cells 
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to attach, proliferate and form an ECM. Finally, endothelial cells were seeded on the inner surface. However, 

the total production was as long as 3 months. 

14.2. Products for cartillage 

Cartillage injury and regeneration is one of the main fields for the application of tissue engineering products. 

Acute injury of cartilage is mainly traumatic while chronic injury is mainly due to inflammation and consequent 

degeneration. This process occurs in arthritis and arthrosis. The regeneration of cartilage is slow and in case of 

massive damage or chronic disease, degeneration occurs. Cartilage injury heavily effects quality of life and 

frequently occurs in the developed world. 

A challenge for cartilage tissue engineering is to produce a tissue that is able to withstand chronic mechanical 

load. Consequently hyalinous cartillage, not fibrous cartillage is needed. Mechanical stimulation of engineered 

construct therefore is also necessary. 

Autologous chondrocyte implantation (ACI) is a common procedure by now. In the beginning, 200–300 mg 

cartilage is harvested by arthroscopically from a less weight bearing area (e.g. the intercondylar notch or the 

superior ridge of the medial or lateral femoral condyle). Then the matrix is digested enzymatically so that 

chondrocytes are isolated. Cells are cultured in vitro for approximately four to six weeks, and finally they are 

applied on the damaged area during an open-knee surgery (also called arthrotomy). These autologous cells 

should adapt themselves to their new environment by forming new cartilage. The Carticel® service is 

introduced by Genzyme. Within the frame of Carticel ® service the harvested cartilage is sent to Genzyme, 

which performs the release, culturing and proliferation of chondrocytes. The surgeon finally receives the ready-

to-implant differentiated cells. 

The Matrix-induced ACI (MACI) is somewhat different procedure. In MACI, during the implantation, 

chondrocytes are applied on the damaged area in combination with a pre-seeded scaffold matrix. In MACI, 

harvested chondrocytes are expanded on hyalin or collagen matrices. However, there is no significant difference 

in the clinical outcome between ACI and MACI. The use of MSCs in MACI is in trial currently. The main 

challenge in these tissue engineered procedures is to direct chondrocyte differentiation towards hyalin cartilage 

instead of fibrous cartilage. 

14.3. Products for liver tissues 

A Bioartificial Liver Assist Device (BAL) is applied in both acute and chronic liver failure. Usually the 

bioartificial liver bridges the time until a suitable donor is found. Sometimes it is used in acute liver failure to 

unburden the injured liver and give time for the liver to regenerate. BAL can also support the transplanted 

patient until the donor liver starts working. One type of BAL is similar to kidney dialysis systems of hollow 

fiber cartridge. Hepatocytes are suspended in a gel solution, such as collagen, which is injected into a series of 

hollow fibers. In the case of collagen, the suspension is then gelled within the fibers, usually by a temperature 

change. The hepatocytes then contract the gel by their attachment to the collagen matrix, reducing the volume of 

the suspension and creating a flow space within the fibers. Nutrient media is circulated through the fibers to 

sustain the cells. During use, plasma is removed from the patients‟ blood. The patient's plasma is fed into the 

space surrounding the fibers. The fibers, which are composed of a semi-permeable membrane, facilitate transfer 

of toxins, nutrients and other chemicals between the blood and the suspended cells. The membrane also keeps 

immunoglobulins or white blood cells from reaching to the hepatocytes thus preventing rejection. 

The advantages of using a BAL, over other dialysis-type devices (e.g. liver dialysis), is that metabolic functions 

(such as lipid and plasma lipoprotein synthesis, regulation of carbohydrate homeostasis, production of serum 

albumin and clotting factors, etc.), in addition to detoxification, can be replicated without the use of multiple 

devices. There are currently several BAL devices in clinical trials. 

A series of studies showed that a BAL device reduced mortality by about half in acute liver failure cases. The 

studies compared standard supportive care to the use of a bioreactor device using pig liver cells. Liver dialysis is 

a detoxification treatment for liver failure and is promising for patients with hepatorenal syndrome. It is similar 

to hemodialysis and based on the same principles. Like a bioartificial liver device, it is a form of artificial 

extracorporeal liver support. 

The Molecular Adsorbents Recirculation System (MARS) is the best known extracorporal liver dialysis system 

and has existed for approximately ten years. It consists of two separate dialysis circuits. The first circuit consists 

of human serum albumin that is in contact with the patient's blood through a semipermeable membrane and has 
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two special filters to clean the albumin after it has absorbed toxins from the patient's blood. The second circuit 

consists of a hemodialysis machine and is used to clean the albumin in the first circuit, before it is recirculated to 

the semipermeable membrane in contact with the patient's blood. The MARS system can remove a number of 

toxins, including ammonia, bile acids, bilirubin, copper, iron and phenols. 

14.4. Products for skin therapies 

Skin grafts are often employed after serious injuries when some of the body's skin is damaged. Surgical removal 

of the damaged skin is followed by skin grafting. The grafting serves two purposes: (1) it can reduce the course 

of treatment needed (and time in the hospital), and (2) it can improve the function and appearance of the area of 

the body which receives the skin graft. There are two types of skin grafts. The more common type is where a 

thin layer (split-thickness) is removed from a healthy part of the body, or a full thickness skin graft, which 

involves pitching and cutting skin away from the donor section. A thin layer skin graft is more risky, in terms of 

the body accepting the skin, yet it leaves only a scar line on the donor section. The surgeon uses a dermatome (a 

special instrument for cutting thin slices of tissue) to remove a split-thickness graft from the donor site. The 

wound must not be too deep if a split-thickness graft is going to be successful, since the blood vessels that will 

nourish the grafted tissue must come from the dermis of the wound itself. For full thickness skin grafts, the 

donor section will often heal much more quickly than the injury and is less painful than a partial thickness skin 

graft. Full-thickness skin grafts may be necessary for more severe burn injuries. These grafts involve both layers 

of the skin. Full-thickness autografts are more complicated than partial-thickness grafts, but provide better 

contour, more natural color, and less contraction at the grafted site. A flap of skin with underlying muscle and 

blood supply is transplanted to the area to be grafted. This procedure is used when tissue loss is extensive, such 

as after open fractures of the lower leg, with significant skin loss and underlying infection. The back and the 

abdomen are common donor sites for full-thickness grafts. The main disadvantage of full-thickness skin grafts is 

that the wound at the donor site is larger and requires more careful management. Often, a split-thickness graft 

must be used to cover the donor site. 

The most important part of any skin graft procedure is proper preparation of the wound. Skin grafts will not 

survive on tissue with a limited blood supply (cartilage or tendons) or tissue that has been damaged by radiation 

treatment. The patient's wound must be free of any dead tissue, foreign matter, or bacterial contamination. 

If more, than 30–40% body surface is burnt, tissue engineering products are frequently used by surgeons. The 

INTEGRA ® Dermal Regeneration Template (Figure XIV-1) is an innovative replacement product that actually 

regenerates dermal skins. 

 

Figure XIV-1: Integra® skin replacement 
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It consists of two layers: First a silicone outer layer that acts as a person's epidermis. The second layer is a 

porous matrix that replaces the dermis. When applied to a burn, the dermal element acts as “scaffolding” and 

stimulates skin regeneration. The silicone layer protects the burn from infection and heat loss. Once the dermal 

cells have grown back through the template, the silicone layer is removed and a thin epidermal skin graft is 

applied to the surface. INTEGRA® template slowly bio-degrades resulting in flexible, pliable and growing skin. 

INTEGRA Template was first approved by the FDA for the treatment of burns. Since then it has been used 

successfully on over 10,000 patients. 

The Cultured Epithelial Allograft (CEA) was introduced first in 1981. During the procedure, a 3–4 cm2 sample 

of unburned skin is taken usually from the axilla or pubic area. Human epidermal cells are isolated from the 

small skin biopsy and plated onto a mitotically inactivated and lethally irradiated layer of 3T3 fibroblast feeder 

cells which act as an in vitro mesenchymal support. The “feeder layer” supports optimal clonal expansion of 

proliferative epithelial cells and promotes keratinocyte growth. Under these conditions, some keratinocyte cells 

initiate growing colonies and after 3–4 weeks the CEA sheets are 8–10 cells thick. Each cultured epithelial sheet 

must then be detached as a coherent sheet from the culture vessel bottom by enzymatic treatment. It must then 

be carefully transferred and attached to a backing material such as vaseline petrolatum gauze before 

transplantation. The remarkable result of this process is a sheet of stratified epithelium with a basal-apical 

orientation that is maintained during the transfer from the tissue culture vessel to the wound bed. Within 3 or 4 

weeks, a 3 cm2 biopsy can be expanded more than 5,000–10,000 fold to yield enough skin to cover the body 

surface of an adult. CEA might be applied alone or in combination with INTEGRA ®. 

15.  Clinical trials 

Although there are various definitions of the term “clinical trial”, they are generally considered to be biomedical 

or health-related research studies performed in human beings. The study follows a pre-defined protocol and 

aims to introduce novel drugs or procedures/protocols into human medicine. Clinical trials can be both 

interventional and observational types of studies. In interventional studies the research subjects are assigned by 

the investigator to a treatment or other intervention, and the outcomes are carefully measured. In observational 

studies individual trial participants are observed and outcomes are measured by the investigators. 

Participants in clinical trials can gain access to new research treatments before they are widely available. As test 

treatments in the trial are only tested in animals or in primary human tissues in in vitro test cultures, no 

information on human responses are available at the beginning of the trial. To reduce trial associated risks for 

participants, there are guidelines regulating participation in clinical trials. 

All clinical trials are designed using a set of inclusion/exclusion criteria that helps to produce reliable results. 

The “inclusion criteria” and “exclusion criteria” are based on age, gender, the type and stage of a disease, 

previous treatment history, and other medical conditions. Before joining a clinical trial, a participant is assessed 

for the above factors to determine the applicant‟s suitability in taking part of the study. Some research studies 

seek participants with illnesses or conditions to be studied in the clinical trial, while others need healthy 

participants. Inclusion and exclusion criteria are designed to identify appropriate participants and keep the risks 

as low as possible. 

The clinical trial process can vary, but all the trial procedures are predetermined in a detailed clinical trial 

protocol. The clinical trial team includes doctors and nurses as well as social workers and other health care 

professionals. The health of the trial participant is checked at the beginning of the trial, and is given specific 

instructions for participating in the trial. The participant is carefully monitored during the trial, and regularly 

checked upon after the trial is completed. 

Informed consent needs to be given by all participants. The informed consent form includes details about the 

study, such as its purpose, duration, required procedures, and key contacts. Risks and potential benefits are also 

explained in the informed consent document. Based on the provided information, the participant then can decide 

whether or not to sign the document. Once signed, the informed consent form is not a legally binding document, 

and the participant may withdraw from the trial at any time. 

Benefits of participating in a clinical trial are to 

1. gain access to novel, potentially more effective research treatments. 

2. obtain expert medical care at leading health care facilities during the trial. 
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3. contribute to medical research. 

Risks of participating in a clinical trial: 

1. The trial may have unpleasant, serious or even life-threatening side effects. 

2. The experimental treatment may not be effective for the participant. 

15.1.  Types of clinical trials 

Treatment trial s test experimental treatments, new combinations of drugs, or new approaches to surgery or 

radiation therapy. 

Prevention trial s look for better ways to prevent diseases involving medicines, vaccines, vitamins, minerals, or 

lifestyle changes. 

Diagnostic trial s are conducted to find better tests or procedures for diagnosing a particular disease or 

condition. 

Screening trial s test the best way to detect certain diseases or health conditions. 

Quality of Life trial s (or Supportive Care trials) explore ways to improve comfort and the quality of life for 

individuals with a chronic illness. 

Clinical trials are conducted in phases. The trials at each phase have a different purpose and help scientists 

answer different questions. 

15.2. Phases of clinical trials 

In Phase I trials, rearchers test an experimental drug or treatment in a small group of people (20–80) for the first 

time to evaluate its safety, determine a safe dosage range, and identify side effects. 

In Phase II trials, experimental study drug or treatment is given to a larger group of people (100–300) to see if it 

is effective and to further evaluate its safety. 

In Phase III trials, the experimental study drug or treatment is given to large groups of people (1,000–3,000) to 

confirm its effectiveness, monitor side effects, compare it to commonly used treatments, and collect information 

that will allow the experimental drug or treatment to be used safely. 

In Phase IV trials, post marketing studies delineate additional information including the drug's risks, benefits, 

and optimal use. 

As it has been discussed in previous chapters, tissue engineering is an emerging field of regenerative medicine 

which holds promise for the restoration of tissues and organs affected by chronic diseases, age-linked 

degeneration, congenital deformity and trauma. Tissue engineering belongs to the treatment type clinical trials. 

Application of tissue engineering was first reported around 1980, when skin tissue engineering was first 

clinically applied. First clinical application of articular chondrocytes to reconstruct small defects in knee 

articular cartilage was reported in 1994. Despite tremendous number of investigations on tissue engineering 

since then, not many reports have been yet published on clinical application in this area. Application of synthetic 

polymers seeded with chondrocytes as templates for new cartilage formation was reported in 1991, but any 

detailed reports on clinical application of chondrocytes with synthetic polymers are not yet available. 

Lundburg's research group undertook intensive work on reconstruction of transected peripheral nerve using 

nerve guiding tubes in 1980s, but still a large number of animal studies have continuously been published. With 

respect to the bone tissue engineering, FDA (Food and Drug Administration, USA) has approved clinical use of 

BMP (bone morphogenic protein), but few clinical cases have been reported on the bone regeneration using 

scaffolds and osteogenic cells. There may be many reasons for such slow advances in the clinical tissue 

engineering. Generally longer than 20–30 years pass from the basic research discoveries to establishment new 

clinical technologies. Blood and bone marrow transplantation has evolved over the past 20 years into a 

successful therapy for a variety of malignant and non-malignant diseases. In recent years, researchers have to 

properly address ethical and animal right issues too that can also slow down translational research. It may also 

http://www.clinicaltrials.gov/ct2/info/glossary
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be a difficult task to present clear evidence for the safety of cell–scaffold constructs to regulatory authorities 

delaying tissue engineering applications in therapy. 

15.3. Adult stem cells in tissue therapy 

The use of endogenous adult stem cells is ethical and legally straightforward in most countries. Under German 

law, for example, the extracted stem cells are categorized as drugs. Because they are exclusively for personal 

use, they are individual drugs. Under German law, stem cells do not require the same governmental approval as 

other drugs. Despite this, the clinic is required to obtain a manufacturing license from the surveillance authority. 

At the XCell-Center, the processes of extraction, cleaning and transplantation are guaranteed to be in 

compliance with Good Manufacturing Practice (GMP) standards, thus assuring maximum quality and safety for 

the patient. 

For the last few years, attempts at therapy with adult stem cells from bone marrow have been carried out at 

university hospitals. This means that, unlike animal testing with embryonic stem cells, adult stem cells are in-

part already being clinically tested. For example a patient suffering from a series of heart attacks, for whom 

common therapies could not assure any chance of survival, the patient's own bone marrow stem cells were 

added to his heart. Nine days after the stem cells had been injected into the diseased area, the patient was able to 

leave the intensive care unit. Based on this individual success, up to now, more than 300 patients have been 

treated in such way in Düsseldorf hospital alone – most of them successfully. 

The XCell-Center‟s treatment is based on the therapy experiences of more than 3,500 patients, treated both in 

the XCell-Center directly and in cooperation with other universities and research institutes (standing: April 

2010). At present, the results of treating a variety of diseases are promising. 

Leukemia. The use of adult stem cells is by no means completely new. Stem cells have been used for the 

therapy of blood cancer (leukemia) for more than 40 years now. Normally this is done by allogenic bone 

marrow transplantation, i.e. bone marrow is taken from suitable donors. In this respect, the treatment differs 

from that which is offered by the XCell-Center because we use the patient's own bone marrow stem cells. The 

hematopoietic stem cells contained in the bone marrow settle into the recipient's body and produce fresh blood 

cells there. At this point the original bone marrow and thus, the patient's leukemia cells have already been 

previously destroyed by chemotherapy. One problem is the rejection of foreign cells. The patient has to take 

medicine to suppress this reaction. Of special interest is the relatively new knowledge that these defensive 

reactions are in part beneficial: the cancer cells are destroyed more effectively by activating the immune system. 

One can speak of an anti-leukemic effect that helps to destroy the sick leukemia cells. In contrast to other 

diseases, the use of exogenous stem cells is desirable for leukemia. 

Liver failure. There were several clinical trials conducted involving cases of liver cancer, Hepatitis B or C and 

liver cirrhosis (involving alcoholic, drug induced cirrhotic patients and also individuals suffereing form primery 

liver cirrhosis). The transplanted autologous BMSC were either CD34+ or CD133+ sorted cells. The route of 

administration was also different (peripheral vein, portal vein or the hepatic artery). The outcome of these trials 

was generally favourable: most of the patients tolerated the transplantation well, and the hepatic function was 

generally improved. The monitored parameters included the Child-Pugh score, albumin, AST, ALP, bilirubin, 

clotting parameters. The overall conclusion is however, that the clinical application of cellular liver regeneration 

therapies is not well established yet so it is not ready for routine clinical therapy. The small patient numbers do 

not allow proper statistics so it has to be defined (1) Which cases should be treated?; (2) Which cells and (3) 

Which administration route should be used for therapy?; (4) What are the risks and benefits of autologous 

cellular therapy in liver failure? 

There are further methods under investigation. The spectrum of applications for the use of adult stem cells is 

wide. Examples include the use of adult stem cells for rebuilding cartilage and destroyed wrist, skin or bone 

tissue (keyword: Tissue Engineering). No studies have yet examined the well-documented research on human 

beings, proving this scientifically. Two studies published in professional journals in 2007 showed for the first 

time that endogenous insulin production in type 1 and type 2 diabetics is activated through therapy with adult 

stem cells. The questions of whether new insulin-producing cells are formed or whether existing cells are 

regenerated have not yet been clarified. The XCell-Center is conducting its own clinical studies parallel to the 

treatment of patients with different diseases using autologous adult stem cells. 

The field of neurology is being examined very intensively. The use of adult stem cells offers a new treatment 

strategy for previously incurable diseases such as Alzheimer's, Parkinson's or Multiple Sclerosis. Here the 

defined aim is either to replace the damaged neurocytes with stem cells or to regenerate them. One approach that 

http://www.xcell-center.com/treatments/results.aspx
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is of special interest for stroke patients: researchers from the “Fraunhofer-Institut für Zelltherapie und 

Immunologie” in Leipzig were able to show curative successes in animal testing with adult stem cells. 

Although cell therapy and tissue engineering can clearly be distinquished in regenerative medicine, the 

following examples will include some of cell therapies that seem difficult to discriminate from tissue 

engineering. 

Skin. Tissue-engineered skin is a significant advance in the field of wound healing. It has mainly been 

developed because of limitations associated with the use of autografts and allografts where the donor site suffers 

from pain, infection, and scarring. Recently, tissue-engineered skin replacements have been finding widespread 

application, especially in the case of burns, where the major limiting factor is the availability of autologous skin. 

The development of a bioartificial skin facilitates the treatment of patients with deep burns and various skin-

related disorders. The present review gives a comprehensive overview of the developments and future prospects 

of scaffolds as skin substitutes for tissue repair and regeneration. The development and use of artificial skin in 

treating acute and chronic wounds has, over the last 30 years, advanced from a scientific concept to a series of 

commercially viable products. Many important clinical milestones have been reached and the number of 

artificial skin substitutes licensed for clinical use is growing, but they have yet to replace the current “gold 

standard” of an autologous skin graft. Currently available skin substitutes often suffer from a range of problems 

that include poor integration (which in many cases is a direct result of inadequate vascularisation), scarring at 

the graft margins and a complete lack of differentiated structures. The ultimate goal for skin tissue engineers is 

to regenerate skin such that the complete structural and functional properties of the wounded area are restored to 

the levels before injury. New synthetic biomaterials are constantly being developed that may enable control over 

wound repair and regeneration mechanisms by manipulating cell adhesion, growth and differentiation and 

biomechanics for optimal tissue development. In this review, the clinical developments in skin bioengineering 

are discussed, from conception through to the development of clinically viable products. Central to the 

discussion is the development of the next generation of skin replacement therapy, the success of which is likely 

to be underpinned with our knowledge of wound repair and regeneration. 

Although numerous experimental strategies have been evaluated, there are currently no commercially available 

composite grafts consisting of dermal and epidermal components together in one grafting stage that can provide 

permanent autologous skin replacement for full-thickness wounds. Since the original use of the epithelialized 

cadaveric allografts to provide a dermal substitute onto which epidermis can be grafted, a small number of 

commercially available acellular dermal analogues have been used clinically for dermal replacement, including 

„Integra‟ artificial skin. „Integra‟, originally developed by Yannas and co-workers, is composed of a bovine type 

I collagen and glycosaminoglycan chondroitin-6-sulphate. The co-precipitate is lyophilized and subjected to 

dehydrothermal treatment, forming a highly porous matrix. Additional collagen crosslinking is achieved by 

exposure to glutaraldehyde. A silicone layer is applied to the surface and functions as a temporary epidermis to 

prevent trauma, dehydration and bacterial contamination. 

Fibroblasts in selected connective tissues can express the gene for a muscle actin, α-smooth muscle actin (SMA) 

and contract. There is evidence that these cells, referred to as myoblasts, are responsible for dermal wound 

closure, and the organization of dense fibrous scar is a process that appears to interfere with regeneration. Up 

until a few years ago, there was virtually no consideration of whether similar processes occurred in other 

connective tissues. Recent work has demonstrated that many connective tissue cells and their MSC precursor 

can also express SMA and can contract. Questions remain, however, about the specific roles of SMA-enabled 

connective cell contraction in normal physiological and pathological processes. Following controlled injury, the 

epidermis regenerates spontaneously. A much deeper injury leads to excision of the dermis, which does not 

regenerate; instead, the severe wound closes by contraction and scar formation. The macroscopic force to 

contract a skin wound spontaneously is estimated as about 0.1 N. An individual dermal fibroblast in culture is 

capable of developing a force of order 1–10 nN. The number of contractile fibroblasts required to develop the 

macroscopic force that suffices to close the wound is, therefore, at least 10−1/10 nN=107 cells, suggesting a 

factor of this magnitude to scale up from cell to organ. As is well known, the contraction is greatly reduced by 

placing an adequate scaffold in the skin wound. A cell type that plays a key role during contraction is the 

differentiated myofibroblast that has been credited with generation of most of the contractive forces in skin 

wounds. Myofibroblast differentiation is regulated by at least TGF-β1, the presence of mechanical tension and 

an ECM component. Once having migrated inside the scaffold and become bound on the extensive surface of 

the highly porous scaffold, the long axes of myofibroblast lose their in-place orientation, becoming almost 

randomly oriented. Accordingly, the contribution of the entire cell assembly to the macroscopic force can be 

reduced to a collection of pairs of vectors that are oriented at opposite directions from each other. In such a 

random assembly of force vectors, the sum of forces must be nearly zero. Cells that remain outside the scaffold 

are oriented in the plane and are free to generate their full contractile force. 
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Articular cartilage. Cartilage repair procedures have been developed to deliver autologous chondrogenic cells to 

the cartilage defect in the form of a cell suspension prepared by the expansion of cells obtained from a cartilage 

biopsy or precursor cells derived from the periosteum or the periochondrium, with the expectation that the cells 

will eventually undergo terminal differentiation to chondrocytes. While these procedures have been used in 

selected clinics for many years, there is not yet widespread implementation. The first 23 patients treated in 

Sweden for symptomatic cartilage defects thirteen patients had femoral condylar defects, changing in size from 

1.6 to 6.5 cm2, due to trauma or osteochondritis dissecans. The results were very promising for the condylar 

defects. Patients were followed for 16–66 months. Initially, the transplants eliminated knee locking and reduced 

pain and swelling in all patients. After three months, arthroscopy showed that the transplants were level with the 

surrounding tissue and spongy when probed, with visible borders. A mean of 36 months after transplantation, 

the results were excellent or good in two of the seven patients with patellar transplants, fair in three and poor in 

two: two patients required a second operation because of severe chondromalacia. 

Bone. During the past decade, tissue engineering has evolved from replacement of small areas of damaged 

tissues by biomaterials, to the use of controlled three-dimensional, biodegradable scaffolds in which cells can be 

seeded before implantation making regeneration of large tissue defects possible. Among the recently developed 

scaffolds for tissue engineering, polymeric hydrogels have proven satisfactory in cartilage and bone repair. 

Vasculature. While tissue engineering holds enormous potential to replace or restore the function of damaged or 

diseased tissues, the most successful applications have been limited to thin avascular tissues such as skin and 

cartilage in which delivery of nutrients and oxygen relies on diffusion. To overcome the diffusion limit, a 

functional vascular network must be created to deliver blood to the inner part of the tissue quickly upon 

implantation. One of the tissue engineering companies, Cytograft currently has ongoing clinical trials in both 

Europe and South America. 

Central nervous system. Fetal human mesencephalic cells (which include dopaminergic neural stem cells) were 

the first cells to be transplanted in an attempt to cure Parkinson's disease. When injected into the striatum of 

Parkinson's patients, they differentiate into dopaminergic neurons (DANs) and make synaptic connections with 

host neurons, restoring the activity of the striatopallidothalamic output pathway toward normal. The results of 

such transplants, however, have been highly variable. In the best cases, there have been dramatic clinical 

improvements that have lasted 5–10 years. In other cases, improvements have been minimal, or patients have 

continued to deteriorate. Autopsies of two patients, who died, as well as transplant experiments on Parkinson's 

animals, indicate that this variation is due to differential survival of transplanted cells. It is thought that a 

minimum of 80,000 DANs (approx. 20% of the normal number of DANs in the human substantia nigra) are 

required to obtain a beneficial effect. 

Myocardiac tissue. It has been reported that satellite cells transplanted into cryo-infarcted ventricular muscle of 

rats, rabbits and pigs integrated into the heart muscle, differentiated into cardiomyocytes and improved heart 

function. The first phase I trial transplanting satellite cells into the damaged human heart was carried out by 

Menasche on a 72-year-old patient suffering from severe congenital heart failure caused by extensive 

myocardial infarction. Satellite cells were isolated from a quadriceps muscle biopsy, expanded in vitro for two 

weeks and 800×106 cells (65% myoblasts) delivered into the myocardial scar via 30 injections with a small-

gauge needle. Simultaneously, a double bypass was performed in viable but ischaemic areas of the myocardium. 

Six months later, the patient's symptoms were dramatically improved. Echocardiogram showed evidence of 

new-onset contraction and fluoro-deoxyglucose positron emission tomography scan showed increased metabolic 

activity of the infarct. The improvement was considered unlikely to be due to increased collateralization from 

the bypass region, because this region was far from the infarct. Since this trial, several other cardiac patients 

have been transplanted with satellite cells. 

Urethra and bladder. Acellular collagen-based matrices derived from the submucosa of small intestine and 

bladder have been widely used in animal studies. The results were confirmed clinically in a series of patients 

with hypospandias, an anatomic anomaly in which the urethral opening is not properly located, and urethral 

stricture disease. Cadaveric bladders were microdissected and the submucosal layers were isolated. The 

decellularized submucosa was used for urethral repair in patients with stricture disease and hypospandias. The 

matrix was trimmed to 2–16 cm and the neo-urethras were created by anastomosing the matrix in an onlay 

fashion to the urethral plate. After a 4–7-year follow-up, 34 of the 40 patients had a successful outcome. Six 

patients with a urethral stricture had a recurrence, and one patient with hypospandias developed a fistula, an 

opening along the newly developed urinary channel. The mean maximum urine flow rate significantly increased 

post-operatively. 
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The ideal substance for the endoscopic treatment of urinary incontinence and vesicoureteral reflux should be 

injectable, non-migratory and volume-stable. Alginate embedded with chondrocytes could serve as a synthetic 

substrate for the injectable delivery and maintenance of cartilage architecture in vivo. Two multicentre clinical 

trials were conducted using the engineered chondrocyte technology. Patients with vesicoureteral reflux were 

treated at 10 centres throughout the US. The patients had a similar success rate as with other injectable 

substances in terms of cure. Chondrocyte formation was not noted in patients who had treatment failure. Patients 

with urinary incontinence were also treated endoscopically with injectable chondrocytes at three different 

medical centres. Phase I trials showed an approximate success rate of 80% at both 3 and 12 months post-

operatively. 

Lung. Engineering functional pulmonary tissues is not a widely explored area of research although there would 

be a great demand for lung tissue replecement. Chronic obstructive pulmonary disease (COPD) is one of the 

most common diseases worldwide affecting millions of individuals and ranking for example in the USA as the 

fourth highest cause of death. Providing replacement of the damaged lung parenchyma is the primary aim of 

pulmonary tissue engineering. Current strategies for cell-based therapies are summarized in 1. 

 

Figure XV-1: Strategies for cell based therapies for the lung 

Unfortunately, the highly complex three-dimensional architectural structure of the lung parenchyma (Figure 

XV-2) requires connections of alveolar units to airways and the pulmonary circulation. 
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Figure XV-2: Complexity of the lung structure during development 

Understandably this makes the in vitro lung tissue engineering strategy less optimistic. 

16.  Research applications and drug testing 

While therapeutic applications of tissue engineering are currently restricted, research and drug testing 

applications are fairly unlimited. There are several ways to use engineered tissues in medical sciences: (1) to 

understand physiological development and repair of tissues, (2) to reveal the role of specific signal transduction 

pathways in tissue functions in near physiological conditions, (3) to understand disease development and 

progression, (4) to identify therapeutic targets and finally (5) to test drug efficacy and toxicity. 

16.1. Examples of aggregate cultures in research applications 

Aggregation cultures and T-cell development studies. Thymus aggregates have proved extremely useful in 

deciphering T-cell development and the role of various cell types in the process. Mouse embryonic thymic 

tissues can be enzymatically dissected, and based on cell surface markers, cell types are easily sorted into 

cellular subtypes. Various combinations of these cells can be mixed together to create aggregate cultures with or 

without the presence of developing thymocytes. Additionally, the developmental stage of thymocytes can also 

be selected at various developmental stages within the thymus or prior to T-cell lineage commitment using 

progenitor cells that are purified from the embryonic liver. Cell surface markers and gene expression changes 

associated with modification of cellular interactions are easily studied within the described system. 

Drug toxicity testing. Tissue engineering can produce tissues for both hepato and cardiotoxicity testing. To 

develop such tissues both embryonic and adult stem cells and even differentiated, organ specific cell types have 

been used. 

Drug efficacy testing. Engineered tissues are suitable for development of diseases models. In this respect 

efficacy of drugs under development can be tested on human tissues prior to clinical trials. 

17.  Ethical issues 

The human tissue engineering therapies that have been developed so far (tissue engineered-skin, autologous 

cartilage implants for the knee) are relatively simple products, containing only a very limited number of cell 

types, not interfering with the circulatory system and not immunologically sensitive. They contain cells that do 
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not raise much ethical debate, apart from the questions related to the secondary use of surgically removed tissue. 

They are not used to treat life-threatening conditions, and alternative treatments are possible if the tissue 

engineering approach fails. The human tissue engineering therapies for arteries, heart muscle etc are more 

complex and often derived from undifferentiated stem cells, therefore carrying a larger risk – despite the equally 

large benefits following their successful application. Complex tissues – and organs – are also at a more elevated 

level of organisation. 

These advanced human tissue engineering therapies may also be used for life-threatening conditions and 

composed of ethically „sensitive‟ cells such as human embryonic stem cells, or xenogeneic cells. The evolution 

of tissue engineering will consequently give rise to more ethical questions. The ability to successfully regenerate 

human tissue also raises anthropological questions, and presents new challenges for the organisation of health 

care in Europe. Stakeholders agree that human tissue engineering therapies are best regulated at the European 

Level (European Commission, 2005). Several elements of the development and application of human tissue 

engineering therapies are already governed by European Directives that function as „European framework laws‟. 

Directives adopted by the European Commission and the European Parliament must be incorporated in national 

law by member states. Directives have primacy over member state law as long as they do not interfere with the 

subsidiarity principle. 

An EU regulation concerning Advanced Therapy Medicinal Products, which includes human tissue engineering 

therapies, has been voted in the European Parliament (25 April 2007). 

The most relevant documents in Ethical respect are the Charter of Fundamental Rights of the EU, and the 

Convention on Biomedicine and its protocols which are issued by the Council of Europe. The principles that are 

laid down in these documents form the background for every deliberation on the ethical issues of tissue 

engineering, even when these treaties and documents are not ratified by all member states of the EU. 

Although stem cell derived tissues are excellent test systems for medical research, drug metabolism, efficacy 

and toxicity testing several stem cell based drug test patents have just recently (2011) been squashed by the 

European Court of Justice, claiming that a “single cell from an embryo” can be considered as a human being. 

This ruling has significant effect on embryonic stem cell research for years to come. 

18.  Economic significance 

Biotechnology in general and tissue engineering in particular have gained fast growing significance in the 

economy of the European Union. Surprisingly so, as in contrast to other economic areas, there is still little 

evidence that stem cells and tissue engineering approaches can attract significant level of translational support. 

Despite the anticipated impact of stem cell and tissue engineering therapies, investors remained cautious. At the 

beginning of 2001 in the US, tissue engineering research and development was being pursued by 3,300 

scientists and support staff in more than 70 startup companies or business units with a combined annual 

expenditure of over $600 million with a 16% annual rate of spending growth. In total the aggregate investment 

exceeds $3.5 billion so far. At the beginning of 2001, the net capital value of the 16 publicly traded tissue 

engineering startups had reached $2.6 billion. Firms focusing on structural applications (skin, cartilage, bone, 

cardiac prosthesis, and the like) comprise the fastest growing segment. In contrast, efforts in biohybrid organs 

and other metabolic applications have contracted over the past few years. The number of companies involved in 

stem cells and regenerative medicine is rapidly increasing. A notable recent trend has been the emergence of a 

strong commercial activity in tissue engineering outside the United States, with at least 16 European or 

Australian companies (22% of total). Despite the large sums, there is little evidence that stem cell based tissue 

engineering has attracted any significant translational support. Between 1994 and 2004, private venture capital 

invested approximately $300 million in US biotechnology companies developing embryonic and adult stem cell. 

This was only 1% of the overall venture capital investment activity and focused primarily on adult stem cells. 

Cell-based therapeutics for degenerative diseases, organs and replacement tissues are the highest value 

proposition, targeting markets that are both enormous and growing. For example, just diabetic patient numbers 

will grow to 380 million by 2025 who will be in need of biosensors and all other types of therapeutic devices. 

Cell-based products present a different business model relative to more conventional therapeutics. Since 

individual diagnostics and therapies are gaining impetus the pharmaceutical industry has started to focus on the 

uses of biotechnology that makes it even more likely that successful partnership between biotech and pharma 

industry will increase the economic significance of biotechnology. 
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