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Abstract 

Abstract 

Collagen is one of the most abundant proteins in mammalians and strongly conserved 

throughout evolution. It constitutes one third of the human proteome and comprises three-

quarters of the dry weight of human skin. It is widely accepted as a major structural 

component in animal body such as in bones, cartilage and skins. More and more studies have 

shown that, in addition to the structural function, collagens can induce or regulate many 

cellular functions and processes such as cell differentiation, cell motion, cell communication 

and apoptosis. Furthermore, its unique triple helix structure gained more attention since it is 

responsible for its high stability and biological function. Due to the high accessibility, Type I 

and Type III collagen are widely studied and frequently used as biocompatible materials in 

cell culture, tissue engineering and medical technology. 

Until now the understanding of the molecular mechanisms for collagen assembly is of great 

medical and also biotechnological importance. Here, large amounts of highly purified 

homogeneous Type I collagen have been obtained from rat tail tendon by a simple two-step 

purification involving extraction with 9 M urea followed by Superose 12 chromatography. 

This simple two step purification of Type I collagen is up-scalable. The yield is up to 95%. 

The product could be easily lyophilized and stored. AFM and SEM images showed a structure 

similar to natural collagen. 

This collagen was extensively characterized by different biochemical, physical and cell 

biological methods. Mass spectrometry identified only collagen Type I peptides indicating 

that the extracted collagen was homogeneous. The comparison between urea-extracted (UC) 

collagen and acetic acid-extracted collagen (AC) showed significant differences whereby the 

UC was not degraded or hydrolyzed as in acetic acid. Furthermore, tandem MS analyses 

showed some interesting post-translational modifications, which will result in new insights 

into collagen structure in vivo.  

The purified collagen was renatured quantitatively by dialysis against water to form triple-

helices, as judged by UV-circular dichroism. The collagen dissolved in 8M urea exhibits a 

unique reversible aggregation behavior which is not affected by the presence of reducing 

agents. UV-circular dichroism analysis shows that collagen initiates triple helix formation at 

4 M urea or below. This triple helix structure is comparable to that observed with synthetic 

collagen peptides. 

Cultures of a 3T3 mouse embryonic fibroblast cells incubated with urea-extracted collagen 

showed a higher motility than those grown with acetic acid-extracted collagen as judged by 

light microscopy and scanning electron microscopy. The real time PCR showed significant 
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Introduction 

polymerization and cell motility. Thus the adhesion receptor plays a central role in the 

response to mechanical force. 

Migration of most adherent cells in the three dimensional matrix requires proteolysis of ECM 

components such as collagen, which is catalyzed by MMPs. It was shown that the expression 

of collagens in cultivated human fibroblast in 3D-matrix is down regulated whereas the 

MMPs are up regulated. Adherent fibroblasts in a 3D-matrix have a characteristic spindle or 

elongated form [57]. 

Mutations in Type I collagen result in fragility of bone and other tissues, while mutations in 

Type II collagen result in cartilage disorders. The phenotype of each mutation depends on its 

effect on the structural integrity of the protein and the extent to which the abnormal collagen 

chains are incorporated into the extracellular matrix [54, 58]. Viral integration within the α1 

Type I collagen chain gene was found to block its transcription and cause perinatal death of 

homozygous embryos [59] but surprisingly, the gene knock-out mouse strains are 

phenotypicaly normal [60].  

1.1.6 Collagen as 3D-biomaterial/biomatrix for tissue engineering 

Despite enormous advances in the fields of materials science and cell biology, major 

challenges remain for engineering materials that control and regulate cellular behavior and 

generation of tissues that can substitute for at least some functions of human organs. Because 

cells isolated from organs can not spontaneously reassemble into functional tissues by 

themselves, in most approaches of tissue engineering, synthetic materials are used to help the 

cells to get properly organized. 

The first generation of cellular scaffolds has been used successfully as a substitute for the skin. 

For these skin equivalents, there were at least two different types: in one skin equivalent that 

recently obtained FDA approval (DermagraftTM), dermal fibroblasts are suspended in a 

polymer mesh [61]; In another product (ApligrafTM), fibroblasts are seeded in a collagen gel 

that is then coated with a layer of human epidermal cells [62-64]. 

To date, the major challenge for tissue engineering is still the substitution of more complex 

organs, whereby the organization and functions of tissues should be completely substituted. In 

vivo, numerous cell types co-exist in an organ and assemble to a specific architecture, which 

gives the characteristic form and functions of the organs. Recent studies in cell biology, 

nanotechnology, and computation have given more new insights especially the understanding 

that physical cues in addition to chemical cues can regulate cell signaling and gene expression.  

These insights have revealed that previous approaches to engineer cell-surface interactions are 
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Introduction 

gene expression manifested by both degradation and synthesis of extracellular 

macromolecules [84-88]. In 3-D collagen lattices, migrating fibroblasts and tumor cells 

frequently develop a length axis of up to 100 μm and the mean maximal diameter of the cell 

body may surpass 20 μm [89].  The leading edge consisting of one or several pseudopods 

which protrudes for the creation of new attachments followed by forward traction of the cell 

body, putatively provided by myosin motors. In 3-D collagen lattices, morphologically large 

cells, as determined by the longitudinal axis after polarization and by confocal cross-sectional 

area of the cell body, migrate at low speed [84].   

1.1.7 Isolation and purification of collagens 

To isolate collagen, the first step is the processing of the respective tissues. Because of the 

extreme diversity of tissues and types of collagen in given tissues it is normally difficult to 

develop a standard method for all types of collagen from different tissues. Type I collagen is 

extensively studied as the most abundant protein [90] in the animal body and the major 

fibrillar protein beside Type II and III collagen. It exists natively as a triple helix formed by 

two α1 and one α2 chains ([α1]2α2). The helices have the typical trimer repeats of Gly-X-Y for 

collagen. It is the major structural component in connective tissues such as tendon, skin and 

blood vessels. Because of its importance, Type I collagen has been extensively investigated as 

a potential candidate for use as a natural scaffold for tissue engineering and reconstructive 

medicine. In most tendons, Type I collagen typically forms fibrils with a length of 300 nm 

and a fibrillar diameter of up to 1000 nm [27]. The fibrils show a periodicity along the axis 

with an X-ray diffraction of 67 nm which is defined as D-period. 

It has been known for a long time that collagen can be isolated by extraction in neutral salt or 

low ionic strength acidic solutions. In neutral salt solutions, e.g. 1 M NaCl, 0.05 M Tris, pH 

7.5, collagen can be solubilized in solution. The efficiency of the extraction is also increased 

with increased salt concentration. However, in normal tissues the proportion of neutral salt-

soluble collagen is very small so that the final yield is very low. Moreover, a variety of tissue 

proteinases may also be present and active in this solubilizing system. To minimize enzymatic 

cleavage, numerous proteinase inhibitors (such as EDTA and DFP) should be present during 

the extraction [91].  

Another widely used method is solubilization with diluted organic acid e.g. 0.5 M acetic or 

citric acid, pH 3. It has also been described that lowering the pH to 2.5 in the presence of 

EDTA and PMSF effectively inhibits degradation. Clearly, this method has a higher capacity 

to solubilize collagen than neutral salt but is still limited to younger non cross-linked tissues. 
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Introduction 

Thus an acid-based approach was developed which contains a pepsin digestion as the first 

extraction step. However, the amount of pepsin sufficient for collagen solubilization is tissue 

dependent. Unfortunately, pepsin can also cause cleavage of collagen.  

Nevertheless, the method using acetic acid to extract collagen from tissues is well established 

and the most widely used in research and in industrial production of collagen. Although this 

extraction was standardized more than 40 years ago it has still two major problems. First, the 

definition of collagen solubility is still ill-defined due to cross-linking mediated aggregation, 

so that the reproducibility of the collagen preparations is poor. Secondly, the collagen 

peptides especially the short non-helical regions of collagen are susceptible to 

proteolysis/hydrolysis during the isolation [30].  

In addition to these two problems, the duration required to solubilize collagen from tissues is 

normally between 1-3 weeks, with high protein loss and partial degradation of the collagen 

peptides [5, 31]. For this reason the utility of the acidic-extracted collagen is limited, as the 

isolated material must be stored in cold acetic acid solution or dried. The maximal 

concentration of collagen obtainable is also limited to 10 mg/ml as estimated by wet weight 

determination and also by determination of amino acid composition. Unfortunately, the 

protein determination is also limited by the non-applicability of common methods such as 

Lowry or Bradford. Finally, the neutral salt and acetic acid extractions require that optimally 

younger animals are fed β-aminopropionitrile to inhibit cross-linking thus enhancing the 

solubility in the solution [30, 91].  

To overcome these disadvantages, some researchers have tried to extract collagen using 8-

10 M urea followed by centrifugations and different chromatographic steps using 

carboxymethyl-cellulose (CM-cellulose) or similar ion exchange materials [28, 92]. However, 

the attempts which focused on the isolation of α1-chain from Type I collagen or procollagen 

have reported extensive precipitation, irreversible denaturation and enzymatic cleavage during 

the isolation even in 8 M urea [92, 93]. All of these reports emphasized the quality of the 

collagen obtained was poor. This has resulted the infrequent use of the urea-extraction 

procedure.  

1.1.8 Rat tail tendon and Type I collagen 

Our source of collagen in this study is the rat tail tendon. Collagen Type I is the predominate 

component of the animal tendons and forms the mechanical network giving the tissue its 

elastic properties and is also responsible for the storage and transmission of mechanical power 

[94]. Normal tendons are made up from collagen Type I (>80%), proteoglycan and water. 

Although collagen present in tendon was initially considered to form a rigid structure, recent 
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Introduction 

For these reasons, it is meaningful to generate a pure and safe collagen source for medical 

applications. Naturally, human collagen would be the best choice for usage in human 

medicine. Some groups have made attempts to generate recombinant collagen in acceptable 

organisms as a production source for medical purposes, such as in Escherichia coli [102], 

yeast [103], silk worms [104], insects [105],  mice [106] and mammalian cells [107, 108]. 

Nevertheless, the cost and complexity of the production of recombinant collagen is extremely 

high, with a milligram price of up to 3000 US $. To generate recombinant collagen with 

native like structure and modifications, hydroxylases must be co-cloned into the host strain. 

Even then only a part of the natural PTMs can be achieved in recombinant collagens.    

1.1.10 Applications of Type I collagen 

As mentioned above collagen is a major component of all tissues and has a variety of 

structural functions, so that this protein is regarded to be one of the best candidates for a wide 

range of medical applications. There is a long history for the usage of collagen for numerous 

applications including drug delivery systems [109], scaffold in tissue engineering and 

regenerative medicine [110, 111]. In comparison to other biomaterials, naturally derived 

collagen shows excellent biocompatibility and safety due to its high abundance in all 

vertebrate animals and high biodegradability [112]. In addition, collagen also exhibits very 

low antigenicity [113].  

In the last two decades, many researchers have shown that collagen has not only structural 

function but is also involved in many other cellular processes, including regulation of cell 

motion, cell proliferation and cell apoptosis [11]. Also in some biological research areas Type 

I collagen has been applied as a coating for culture dishes or as a scaffold for microbiological 

adherence and invasion test systems [114]. 

Many studies have shown that a 3D-culture matrix of collagen can act as a support for cells. 

Although results have indicated that the 3D-matrix can mimic the real ECM, many studies 

have demonstrated the shortcomings of the commonly used acetic-extracted collagen product. 

The main problem is that the porous structure of collagen spheres show pores about 200-

300 µm which are closer to those of a 2D-matrix rather than the size observed for a typical 

3D-matrix in situ [115].  

Collagen also shows an important potential in protein engineering. Increasingly, peptides and 

proteins in different species have been shown to contain collagen like protein (CLP) with 

characteristic GPP repeats. Thus, understanding of collagen structure could be a key area for 

lead to newly engineered proteins with specific properties such as high tensile strength and 

high stability. 
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which is giving new insights into the analysis of collagen mutations, PTMs and structures. 

However, these methods are still too complicated to be used routinely in any laboratory so 

that these methods are not widely applied. Nevertheless, MS technology is developing quickly, 

especially in proteomics area making it likely that the MS-analysis of collagen will soon be 

easier than in past years. 

Another improvement is the development of the database and MS-data analysis programs so 

that data collection and handling have been strongly improved. As mentioned above, some 

programs have improved the sensitivity and quality of the analysis, thus yielding more 

sequence and PTM information. This can in turn supplement and even correct the existing 

database derived mostly from mRNA sequence annotations.  

1.3 Goals of this study 

Collagens, particularly the Type I collagen has been studied extensively in last 40 years. The 

application of Type I collagen is increasing continuously, such as in tissue engineering as 

natural matrix. However, these applications are increasingly questioned with regard to 

different non-understood features of collagen, including its assembly, folding, post-

translational modifications, export and cellular function. This understanding is particularly 

hampered by the isolation process, which commonly uses acetic acid-extraction. Moreover, 

most structural studies have been carried out using model peptides leading to limited 

understanding of the collagen structure and assembly. 

Due to the extreme importance of biocompatible matrices for tissue engineering and 

application in medical technology, the availability of native collagen should be studied by 

refining the extraction procedure of collagens. 

One of the goals of this study was to reexamine the quality of Type I collagen after extraction 

with urea. We expected the results would also enable a commercial patent to be successfully 

approved by respective authorities.  

The high quality of urea-extracted collagen (UC) led to a further goal of detailed 

characterization of the physical state of the protein. This may further provide interesting new 

insight in aspect of protein design and engineering of artificial collagen-like proteins. 
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Discussion 

4. Discussion 

The molecular mechanism for the biosynthetic assembly of collagen is still of great interest. 

Collagen is the major component in the extracellular matrix and Type I, II and III are the most 

abundant collagens that form fibrils responsible for tensile strength [3, 163]. Due to its high 

accessibility and compatibility, Type I collagen is one of the most well-studied collagens and 

is already widely used as a bioscaffold in medicine and cell biology [164-166]. Type I 

collagen is trimeric [(α1)2α2] and exists as triple helix.  The structure and assembly of the 

triple helix have been extensively studied for more than 40 years. The spontaneous formation 

of triple helices from isolated α1 and α2 polypeptides in vitro has been studied extensively [21, 

51, 167, 168] and recent studies using synthetic model peptides [5, 169] show the self-

association or self-assembly of these peptides to a native-like triple helix structure 

characteristically found in collagen fibrils. However, the studies using naturally derived 

collagens have been strongly hindered due to the high molecular weight of native collagen 

and limited understanding of the function of the collagen peptides, in particular the N- and C- 

terminal regions.  

This study was originated by the necessity of the standardization of the acetic acid-extraction 

method for collagen used for tissue engineering. It turned out that it is comparably difficult to 

be reproduced due to extraction conditions such as pH, concentrations and significant 

extraction time, resulted in differently hydrolyzed products. Thus, a non-hydrolyzing method 

has been looked for since decades. Although the urea-extraction of collagen Type I was 

established more than 30 years ago [28, 92, 170] using 8-10 M urea, this method so far has 

been limited in its application, probably due to reports that only low quality collagen can be 

obtained with this procedure. 

Although Adelmann [92] observed that urea extraction led to an irreversible denaturation of 

collagen, this collagen extract has been used nevertheless for immunological studies. Becker 

[28, 171] and coworkers described an urea-extraction of collagen where the animals were 

made lathyritic by feeding with β-aminopropionitrile three weeks before extraction. For 

further analysis the extracted collagen was then dialyzed and purified by ion-exchange 

chromatography. These studies also focused on the antigenicity of the collagen peptides 

without any consideration of the structure of urea-extracted collagen or its assembly. 

Similarly, Reuterberg [170] has used the same method to isolate collagen to study the cross-

links in non-helical regions. All these groups have used animal skin to isolate collagen. 
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REVIEW

Natural origin biodegradable systems in
tissue engineering and regenerative
medicine: present status and some

moving trends

J. F. Mano1,2, G. A. Silva1,2, H. S. Azevedo1,2, P. B. Malafaya1,2,

R. A. Sousa1,2, S. S. Silva1,2, L. F. Boesel1,2, J. M. Oliveira1,2, T. C. Santos1,2,

A. P. Marques1,2, N. M. Neves1,2 and R. L. Reis1,2,*

13B’s Research Group—Biomaterials, Biodegradables and Biomimetics, Department of
Polymer Engineering, University of Minho, Campus de Gualtar and 2IBB—Institute for

Biotechnology and Bioengineering, 4710-057 Braga, Portugal

The fields of tissue engineering and regenerative medicine aim at promoting the
regeneration of tissues or replacing failing or malfunctioning organs, by means of
combining a scaffold/support material, adequate cells and bioactive molecules. Different
materials have been proposed to be used as both three-dimensional porous scaffolds and
hydrogel matrices for distinct tissue engineering strategies. Among them, polymers of
natural origin are one of the most attractive options, mainly due to their similarities with
the extracellular matrix (ECM), chemical versatility as well as typically good biological
performance. In this review, the most studied and promising and recently proposed
naturally derived polymers that have been suggested for tissue engineering applications are
described. Different classes of such type of polymers and their blends with synthetic
polymers are analysed, with special focus on polysaccharides and proteins, the systems
that are more inspired by the ECM. The adaptation of conventional methods or non-
conventional processing techniques for processing scaffolds from natural origin based
polymers is reviewed. The use of particles, membranes and injectable systems from such
kind of materials is also overviewed, especially what concerns the present status of the
research that should lead towards their final application. Finally, the biological
performance of tissue engineering constructs based on natural-based polymers is discussed,
using several examples for different clinically relevant applications.

Keywords: natural origin polymers; biomacromolecules; tissue engineering;
biomedical applications; biodegradable

1. INTRODUCTION

In the new paradigms of regenerative medicine, the use
of materials in contact with biological materials (cells,
tissues/organs, physiological fluids and biomolecules) is
a current illustration of the need of interdisciplinary
scientific approaches that combine the most recent
advances in materials science and technology, basic
sciences and life sciences. In tissue engineering,
matrices are developed to support cells, promoting
their differentiation and proliferation towards the
formation of a new tissue. Such strategies allow for
producing hybrid constructs that can be implanted in

patients to induce the regeneration of tissues or replace
failing or malfunctioning organs. Different materials
have been proposed to be used in the processing of
scaffolds, namely biodegradable polymers. Natural-
based polymers offer the advantage of being similar to
biological macromolecules, which the biological
environment is prepared to recognize and deal with
metabolically. Owing to their similarity with the
extracellular matrix (ECM), natural polymers may
also avoid the stimulation of chronic inflammation or
immunological reactions and toxicity, often detected
with synthetic polymers. In this review, the different
natural-based materials that have been proposed to be
used in tissue engineering strategies will be overviewed.
An important aspect is also addressed, which is the
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processing of such kind of materials into porous
matrices, a task that usually needs other technologies
rather than those usually employed in the processing of
conventional synthetic polymers. There are also clinical
needs for processing biomaterials into other shapes,
including nano/microparticles (for control release
application), or into two-dimensional structures (e.g.
membranes as wound dressing). Non-invasive materials
containing cells and bioactive agents are very attractive
approaches in tissue engineering and regeneration
contexts, which will also be discussed. Section 7 is
devoted to the clinical applications of such materials
and their in vivo performance for different cases.

2. NATURAL-BASED POLYMERIC SYSTEMS

The design and selection of a biomaterial is a critical
step in the development of scaffolds for tissue
engineering. Generally, the ideal biomaterial should
be non-toxic, biocompatible, promoting favourable
cellular interactions and tissue development, while
possessing adequate mechanical and physical proper-
ties. In addition, it should be biodegradable and
bioresorbable to support the reconstruction of a new
tissue without inflammation (Kim et al. 2000). On the
other hand, novel concepts of tissue engineering are
imposing new and more specific requirements on
macromolecular components. Living organisms are
able to synthesize a vast variety of polymers, which
can be divided into major classes according to their
chemical structure: (i) polysaccharides, (ii) proteins,
and (iii) polyesters. Nowadays, with the advances in
biotechnology, natural polymers can be obtained by
the fermentation of micro-organisms (Widner et al.
2005) or produced in vitro by enzymatic processes
(Kobayashi et al. 2003). However, the largest amount
is still extracted from plant (Franz & Blaschek 1990;
Morrison & Karkalas 1990; Stephen et al. 1990) and
animal (Izydorczyk et al. 2005) sources or from algae
(Percival & McDowell 1990).

2.1. Materials inspired by the extracellular
matrix

The ECM is the optimized milieu that nature has been
developing to maintain homeostasis and to direct tissue
development. Therefore, a great effort has been made to
mimick theECMto guidemorphogenesis in tissue repair
and tissue engineering (Hubbell 2003). A strategy has
been proposed to isolate the main constituents of the
ECM and directly use them after purification, with or
without further modifications. As ECM plays an
instructive role in cell activities, the hypothesis here is
that such biomolecules would maintain the biological
information and other physico-chemical features, which
would preserve a potential space for new tissue
development after cell seeding. This would help to
overcome one of the main drawbacks in the use of
synthetic materials, which lack cell recognition signals.
A description of some protein-based biomaterials
isolated from ECM follows. These materials are typi-
cally extracted from blood plasma and the skeleton.
Other functional proteins, including growth factors,

enzymes and interleukins, which are used essentially as
ingredients to be incorporated into biomaterials, will not
be discussed here.

Collagen is the most abundant protein in the body.
More than 20 genetically distinct forms have been
identified, type I being the most abundant and most
investigated for biomedical applications (Hayashi
1994). Characteristics such as high mechanical
strength, good biocompatibility, low antigenicity and
ability of crosslinking enable the tailoring of the
mechanical, degradation and water uptake properties.
To obtain matrices with adequate mechanical proper-
ties, chemical glycation procedures or heat treatments
have been proposed (Hubbell 2003). Combinations of
collagen with other materials have also been prepared.
For example, collagen microsponges may be easily
impregnated into previously prepared synthetic poly-
meric scaffolds, which will increase their mechanical
performance (Chen et al. 2000). On the other hand,
growth factors and other active agents can be combined
with collagen-based systems, including scaffolds and
gels to prolong their release rate and increase their
therapeutic effect on tissue engineering approaches
(Geiger et al. 2003; Wallace & Rosenblatt 2003).

Fibronectin is a multifunctional component of the
ECM, known to induce cell attachment and spreading
through its cell binding site and related synergy sites.
The ability of such glycoprotein (a disulphide-bonded
dimer of 220–250 kDa subunits) to serve as a substrate
for cell adhesion is based on the biological activity of
several modules: the RGD tripeptide, arginine-glycine-
aspartic acid, in the tenth Fn3 module plays here an
important role (Ruoslahti & Pierschbacher 1987) and
has been incorporated onto the surface of numerous
biomaterials; several strategies have been summarized
by Hubbell (2003). One of the suggested strategies was
to deposit layers of oriented fibronectin to enhance the
availability of its cell binding site (Calonder et al. 2005).
On an oriented fibronectin layer, compared with an
isotropic layer, human umbilical vein endothelial cells
spread significantly faster in a more spherical way.

Glycosaminoglycans (GAGs) are linear chains con-
sisting of the repeating unit of a disaccharide, gener-
ically a hexosamine (glucosamine or galactosamine)
and a uronic acid component (Hayashi 1994). With the
exception of hyaluronic acid, such chains are attached
to a central protein to form the proteoglycans. Owing to
their ionic character, GAGs are able to absorb large
quantities of water, and this osmotic swelling provides
compressive strength.

Fibrin plays an important role in haemostasis and
spontaneous tissue repair (it naturally forms during
blood coagulation). Fibrin is a complex network formed
by polymerization of fibrinogen in the presence of the
enzyme thrombin. Fibrinogen can be isolated from the
blood plasma of the patient, limiting its potential for
disease transmission and immunogenic reactions.
Fibrin is not a regular component of the ECM, but is
found as a temporary matrix that will be further
replaced by the ECM, and is currently used as fibrin
glue in clinical applications. Fibrin has been a useful cell
delivery matrix for cartilage tissue engineering,
especially in combination with other biodegradable

1000 Review. Natural origin systems in tissue engineering J. F. Mano et al.
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R E V I E W

Abstract: Developing scaffolds that mimic the architecture of tissue at the nanoscale is one

of the major challenges in the field of tissue engineering. The development of nanofibers has

greatly enhanced the scope for fabricating scaffolds that can potentially meet this challenge.

Currently, there are three techniques available for the synthesis of nanofibers: electrospinning,

self-assembly, and phase separation. Of these techniques, electrospinning is the most widely

studied technique and has also demonstrated the most promising results in terms of tissue

engineering applications. The availability of a wide range of natural and synthetic biomaterials

has broadened the scope for development of nanofibrous scaffolds, especially using the

electrospinning technique. The three dimensional synthetic biodegradable scaffolds designed

using nanofibers serve as an excellent framework for cell adhesion, proliferation, and

differentiation. Therefore, nanofibers, irrespective of their method of synthesis, have been

used as scaffolds for musculoskeletal tissue engineering (including bone, cartilage, ligament,

and skeletal muscle), skin tissue engineering, vascular tissue engineering, neural tissue

engineering, and as carriers for the controlled delivery of drugs, proteins, and DNA. This

review summarizes the currently available techniques for nanofiber synthesis and discusses

the use of nanofibers in tissue engineering and drug delivery applications.

Keywords: electrospinning, phase separation, self-assembly, nanofiber, biomaterial, tissue

engineering, scaffold, drug delivery

Introduction
Tissue repair by autologous cell/tissue transplantation is one of the most promising

techniques for tissue regeneration. However, autografts are associated with limitations

such as donor site morbidity and limited availability. An alternative to autografts is

allografts (ie, tissue taken from another subject of the same species). Allografts are

not limited in supply; however, they have the potential to cause an immune response

and also carry the risk of disease transfer. Tissue engineering has emerged as an

excellent approach for the repair/regeneration of damaged tissue, with the potential

to circumvent all the limitations of autologous and allogenic tissue repair.

Tissue engineering represents an emerging interdisciplinary field that applies the

principles of biological, chemical, and engineering sciences towards the goal of tissue

regeneration (Skalak and Fox 1988; Langer and Vacanti 1993; Hoerstrup and Vacanti

2004). Tissue engineering approaches make use of biomaterials, cells, and factors

either alone or in combination to restore, maintain, or improve tissue function. The

tissue engineering strategy generally involves the isolation of healthy cells from a

patient, followed by their expansion in vitro. These expanded cells are then seeded

onto a three dimensional (3D) biodegradable scaffold that provides structural support

and can also act as a reservoir for bioactive molecules such as growth factors. The

scaffold gradually degrades with time to be replaced by newly grown tissue from the

seeded cells (Langer and Vacanti 1993).
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Biomaterials play a crucial role in tissue engineering by

serving as 3D synthetic frameworks (commonly referred to

as scaffolds, matrices, or constructs) for cellular attachment,

proliferation, and in growth ultimately leading to new tissue

formation. A number of novel approaches have been

developed for the fabrication of biomaterial-based 3D

scaffolds (Atala and Lanza 2002). More recently, nanofiber-

based scaffolding systems are being explored as scaffolds

for tissue engineering (Ma and Zhang 1999; Kisiday et al

2002; Li et al 2002).

The development of nanofibers has enhanced the scope

for fabricating scaffolds that can potentially mimic the

architecture of natural human tissue at the nanometer scale.

The high surface area to volume ratio of the nanofibers

combined with their microporous structure favors cell

adhesion, proliferation, migration, and differentiation, all

of which are highly desired properties for tissue engineering

applications (Bhattari et al 2004; Ma et al 2005a). Therefore,

current research in this area is driven towards the fabrication,

characterization, and applications of nanofibrous systems

as scaffolds for tissue engineering. Due to their potential,

the nanofiber-based systems are also being pursued for a

variety of other biological and non-biological applications

(Li et al 2002; Wang et al 2002a, 2002b; Nair et al 2004).

This review summarizes the currently available

approaches for the fabrication of nanofibers and discusses

their application in the engineering of a variety of tissue

types.

Methods for nanofiber synthesis
Currently, there are three techniques available for the

synthesis of nanofibers: electrospinning, self-assembly, and

phase separation. Of these, electrospinning is the most

widely studied technique and also seems to exhibit the most

promising results for tissue engineering applications.

Nanofibers synthesized by self-assembly and phase

separation have had relatively limited studies that explored

their application as scaffolds for tissue engineering.

Although there are a number of techniques for the

synthesis of carbon nanofibers, such as chemical vapor

deposition using a template method (Che et al 1998),

catalytic synthesis (catalytic deposition, floating catalyst

method) (Teo et al 2003), synthesis using radiofrequency-

supported microwave plasmas (Cui et al 2000), the

description of each of these techniques is beyond the scope

of this review. Therefore, for carbon and alumina nanofibers,

the discussion is restricted to their applications in tissue

engineering.

Electrospinning
Electrospinning represents an attractive technique for the

processing of polymeric biomaterials into nanofibers. This

technique also offers the opportunity for control over

thickness and composition of the nanofibers along with

porosity of the nanofiber meshes using a relatively simple

experimental setup (Doshi and Reneker 1995; Reneker and

Chun 1996; Dzenis 2004; Jayaraman et al 2004).

Although the concept of electrospinning or electro-

spraying has been known for more than a century, polymeric

nanofibers produced by electrospinning have become a topic

of great interest only in the past decade (Rayleigh 1882;

Doshi and Reneker 1995). The high surface area and high

porosity of electrospun nanofibers allow favorable cell

interactions and hence make them potential candidates for

tissue engineering applications (Li et al 2002; Smith and

Ma 2004; Khil et al 2005; Ma et al 2005a).

In the electrospinning process, fibers ranging from 50 nm

to 1000 nm or greater (Reneker and Chun 1996; Shin et al

2001a; Fridrikh et al 2003) can be produced by applying an

electric potential to a polymeric solution (Hohman et al

2001a, 2001b) (see Figure 1a). The solution is held at the

tip of a capillary tube by virtue of its surface tension. The

electrical potential applied provides a charge to the polymer

solution. Mutual charge repulsion in the polymer solution

induces a force that is directly opposite to the surface tension

of the polymer solution. An increase in the electrical

potential initially leads to the elongation of the hemispherical

surface of the solution at the tip of the capillary tube to

form a conical shape known as the Taylor cone (Doshi and

Reneker 1995; Yarin et al 2001). A further increase causes

the electric potential to reach a critical value, at which it

overcomes the surface tension forces to cause the formation

of a jet that is ejected from the tip of the Taylor cone. The

charged jet undergoes instabilities and gradually thins in

air primarily due to elongation and solvent evaporation

(Zeleny 1914; Reneker et al 2000; Shin et al 2001a, 2001b;

Frenot et al 2003). The charged jet eventually forms

randomly oriented nanofibers that can be collected on a

stationary or rotating grounded metallic collector (Doshi

and Reneker 1995; Kameoka and Craighead 2003) (see

Figure 1b).

Electrospinning has originated from electrospraying,

where an electric charge is provided to a conducting liquid

and produces a jet which splits into fine particles that

resemble a spray, hence the name electrospraying (Rayleigh

1882; Zeleny 1914). However, when a polymer is used in

place of a low-molecular-weight substance for the
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Abstract

Bone is the most implanted tissue after blood. The major
solid components of human bone are collagen (a natural
polymer, also found in skin and tendons) and a substituted
hydroxyapatite (a natural ceramic, also found in teeth).
Although these two components when used separately
provide a relatively successful mean of augmenting bone
growth, the composite of the two natural materials exceeds
this success. This paper provides a review of the most
common routes to the fabrication of collagen (Col) and
hydroxyapatite (HA) composites for bone analogues. The
regeneration of diseased or fractured bones is the challenge
faced by current technologies in tissue engineering.
Hydroxyapatite and collagen composites (Col-HA) have
the potential in mimicking and replacing skeletal bones.
Both in vivo and in vitro studies show the importance of
collagen type, mineralisation conditions, porosity,
manufacturing conditions and crosslinking. The results
outlined on mechanical properties, cell culturing and de-
novo bone growth of these devices relate to the efficiency
of these to be used as future bone implants. Solid free form
fabrication where a mould can be built up layer by layer,
providing shape and internal vascularisation may provide
an improved method of creating composite structures.

Keywords: Collagen Type I, hydroxyapatite, composite
scaffolds, biocompatible devices, bone substitute, tissue
engineering

*Address for correspondence:
Denys A Wahl,
Department of Materials,
University of Oxford,
Parks Road,
Oxford,
OX1 3PH, UK

E-mail: denys.wahl@materials.ox.ac.uk

Introduction

Bone tissue repair accounts for approximately 500,000
surgical procedures per year in the United States alone
(Geiger et al., 2003). Angiogenesis, osteogenesis and
chronic wound healing are all natural repair mechanisms
that occur in the human body. However, there are some
critical sized defects above which these tissues will not
regenerate themselves and need clinical repair. The size
of the critical defect in bones is believed to increase with
animal size and is dependent on the concentration of
growth factors (Arnold, 2001). In vivo studies on pig sinus
(Rimondini et al., 2005) and rabbit femoral condyles
(Rupprecht et al., 2003) critical size defects of 6x10mm
and 15x25mm respectively were measured. These defects
can arise from congenital deformities, trauma or tumour
resection, or degenerative diseases such as osteomyelitis
(Geiger et al., 2003). Bone substitutes allow repair
mechanisms to take place, by providing a permanent or
ideally temporary porous device (scaffold) that reduces
the size of the defect which needs to be mended (Kohn,
1996). The interest in temporary substitutes is that they
permit a mechanical support until the tissue has
regenerated and remodelled itself naturally. Furthermore,
they can be seeded with specific cells and signalling
molecules in order to maximise tissue growth and the rate
of degradation and absorption of these implants by the
body can be controlled.

Bioresorbable materials have the potential to get round
the issues that occur with metallic implants, such as strain
shielding and corrosion. Titanium particles produced from
wear of hip implants, were shown to suppress osteogenic
differentiation of human bone marrow and stroma-derived
mesenchymal cells, and to inhibit extra cellular matrix
mineralisation (Wang et al., 2003). Furthermore, these
materials should help to reduce the problems of graft
rejection and drug therapy costs, associated with for
example the use of immunosuppressants (e.g. FK506)
after implantation of bone grafts (Kaihara et al., 2002).

When using a biodegradable material for tissue repair
the biocompatibility and/or toxicity of both the material
itself and the by-product of its degradation and subsequent
metabolites all need to be considered. Further, at the site
of injury, the implant will be subjected to local stresses
and strains. Thus, the mechanical properties of the implant,
such as tensile, shear and compressive strength, Young’s
modulus and fracture toughness need to be taken into
consideration when selecting an appropriate material.
However, given a bone analogue is ideally resorbable,
these properties are not as important as for an inert implant
which does not (intentionally) degrade. It is important
for the bioresorbable material to be osteoconductive and
osteoinductive, to guide and to encourage de novo tissue
formation. The current aim of the biological implant is to
be indistinguishable from the surrounding host bone
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improved resistance of the composite material to
degradation was explained by a potential competition of
the hydroxyapatite to the collagenase cleavage sites, or by
the absorption of some collagenase to the surface of HA
(Wu et al., 2004).

The direct comparison of other materials compared
with Col-HA composites for bone substitutes have yet to
be clearly investigated. However, increasing the bio-
mimetic properties of an implant may reduce the problems
of bacterial infections associated with inserting a foreign
body (Schierholz and Beuth, 2001). Evidence of the
biological advantage compared to artificial polymeric
scaffolds have been further demonstrated in cartilage
regeneration (Wang et al., 2004). Polymeric scaffolds can
take up to 2 years to degrade whilst Col-HA have a more
reasonable degradation rate with regards to clinical use of
2 months to a year (Johnson et al., 1996). Furthermore,
osteogenic cells adhered better in vitro to collagen surfaces
compared to PLLA and PGA implants (El-Amin et al.,
2003).

When comparing ceramic scaffolds and ceramic
composite scaffolds, it was shown that Col-HA composites
performed well compared to single HA or TCP scaffolds
(Wang et al., 2004). The addition of collagen to a ceramic
structure can provide many additional advantages to
surgical applications: shape control, spatial adaptation,
increased particle and defect wall adhesion, and the
capability to favour clot formation and stabilisation
(Scabbia and Trombelli, 2004).

In summary therefore, combining both collagen and
hydroxyapatite should provide an advantage over other
materials for use in bone tissue repair. However, the
manufacturing of such composites must start from an
understanding of the individual components.

Collagen
The natural polymer collagen that represents the matrix
material of bone, teeth and connective tissue can be
extracted from animal or human sources. This may involve
a decalcification, purification and modification process.
This discussion will focus on collagen type I because it is
by far the most abundant type used in tissue engineering
and its use is widely documented (Friess, 1998).

Collagen type I: extraction from animal or human
tissue
Skin, bones, tendons, ligaments and cornea all contain
collagen type I. The advantage of using tendon or skin is
that it eliminates the decalcification process of the bone
mineral component. The removal of all calcium phosphate
from a calcified tissue can be achieved through immersion
in an Ethylenediaminetetracetic acid (EDTA) solution
(Clarke et al., 1993). This process can take as long as
several weeks depending on the size of the specimen but
it does not remove all antigens from the bone.

Collagen can be extracted and purified from animal
tissues, such as porcine skin (Kikuchi et al., 2004a) rabbit
femur (Clarke et al., 1993) rat and bovine tendon (Hsu et
al., 1999; Zhang et al., 2004) as well as ovine  (Damink et
al., 1996) and human tissue, such as placenta (Hubbell,

2003). The possible use of recombinant human collagen
(although more expensive) could be a way of removing
concerns of species-to-species transmissible diseases
(Olsen et al., 2003). Freeze- and air-dried collagen matrices
have been prepared from bovine and equine collagen type
I from tendons and the physical and chemical properties
have been compared with regards to the potential use in
tissue engineering scaffolds. The matrices of different
collagen sources (“species”) showed no variations between
pore sizes and fibril diameters but equine collagen matrices
presented lower swelling ratio and higher collagenase
degradation resistance (Angele et al., 2004).

Collagen type I separation and isolation
The separation of collagen requires the isolation of the
protein from the starting material in a soluble or insoluble
form. Soluble collagen can be isolated by either neutral
salts (NaCl), dilute acidic solvents (acetic acid, citrate
buffer or hydrochloric acid) or by treatment with alkali
(sodium hydroxide and sodium sulphate) or enzymes (ficin,
pepsin or chymotrypsin) (Friess, 1998; Machado-Silveiro
et al., 2004). The addition of neutral salts can decrease
protein solubility (salting out) (Martins et al., 1998). The
type of solvent required to isolate collagen will depend
greatly on the tissue from which it is extracted, the amount
of crosslinking present (maturity of the tissue) and whether
decalcification is required. Other separation methods
include gel electrophoresis (Roveri et al., 2003) (SDS-
PAGE and/or Western blotting). Collagen is then
recuperated usually by centrifugation. Insoluble collagen
can be isolated by modifying its structural configuration
(mild denaturation agents) and by mechanical
fragmentation  (Friess, 1998).

Collagen modification and purification
Collagen type I can be modified chemically to achieve a
polyanionic protein or a purified protein, known as
atelocollagen. Polyanionic chemical modification can be
achieved by selective hydrolysis of the asparagine (Asn)
and glutamine (Gln) side chains of the collagen type I
molecule and have the characteristic of having higher
carboxyl group content (Bet et al., 2001). Polyanionic
collagen type I was found to improve cell adhesion by 1.5
times compared to native collagen type I (Bet et al., 2003).

The purification of collagen is required to eliminate
the antigenic components of the protein. These are mainly
the telopeptide regions of collagen type I that can be most
efficiently treated by enzymatic digestion. Pepsin is a
widely used enzyme for the elimination and digestion of
this immunogenic peptide (Rovira et al., 1996; Zhang et
al., 1996; Hsu et al., 1999; Kikuchi et al., 2004a). As an
example, rat tendon collagen type I was extracted and
purified in 0.5mg/ml Pepsin in 0.5M acetic acid for 24
hours (Hsu et al., 1999). However, complete immunogenic
purification of non-human proteins is difficult, which may
result in immune rejection if used in implants. Impure
collagen has the potential for xenozoonoses, the microbial
transmission from the animal tissue to the human recipient
(Cancedda et al., 2003). Furthermore, Wu et al. (2004)
reported that pepsin treatment of impure collagen could
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result in the narrowing of D-period banding. However,
although collagen extracted from animal sources may
present a small degree of antigenicity, these are considered
widely acceptable for tissue engineering on humans
(Friess, 1998). Furthermore, the literature has yet to find
any significant evidence on human immunological benefits
of deficient-telopeptide collagens  (Lynn et al., 2004).

Commercial collagen
Native collagen will have passed many extraction,
isolation, purification, separation and sterilisation
processes before they have been allowed to be used as
biomaterial implants. Commercially available collagen
type I can come either in insoluble fibril flakes (Sachlos et
al., 2003), in suspension (Muschler et al., 1996; Miyamoto
et al., 1998; Goissis et al., 2003), sheets or porous matrices
(Du et al., 1999; Du et al., 2000). Many researchers use
these collagens directly without further processing.

Hydroxyapatite Compound
Calcium phosphates are available commercially, as
hydroxyapatite extracted from bones or they can be
produced wet by the direct precipitation of calcium and
phosphate ions.

Commercial Calcium Phosphate Powders
Hydroxyapatite powders can be obtained commercially
with different crystal sizes. Unfortunately, such products
may not be free of impurities. As examples, some
commercially available HA particle sizes ranged between
10-40µm, averaged 5.32µm with a Ca/P ratio of 1.62 (Hsu
et al., 1999), while other sources had values of 160-200µm
with a Ca/P ratio range of 1.66 to 1.69 (Scabbia and
Trombelli, 2004). Most manufacturers produce sintered
components which differ chemically from the biological
carbonate apatites (Okazaki et al., 1990). Sintering of HA
(depending on stoichiometry) produces decomposition of
the calcium phosphate phases to oxyapatite and possibly,
tetracalcium phosphate and tricalcium phosphate (TCP).
It has been found that stoichiometric HA is much less
biodegradable than substituted HA and TCP (Kocialkowski
et al., 1990).

HA extraction from bone
Bone powders or hydroxyapatite have been extracted from
cortical bovine bone (Rodrigues et al., 2003). The bone
was cleaned, soaked in 10% sodium hypochlorite for 24h,
rinsed in water and boiled in 5% sodium hydroxide for
3h. It was then incubated in 5% sodium hypochlorite for
6h, washed in water and soaked in 10% hydrogen peroxide
for 24h. The material was subsequently sintered at 1100°C
and pulverised to the desired particle size (200-400µm).
Grains of different crystal size could be separated by
sieving. The final stages included sterilisation of the HA
particles at 100-150°C.

In vitro Hydroxyapatite (HA) powders
Hydroxyapatite can also be precipitated in vitro through
the following chemical reactions:

Ammonia was used to keep the solution basic (pH 12)
(Sukhodub et al., 2004). Hydroxyapatite precipitates were
then extracted by heating the mixture to 80°C for about
10 minutes and incubating them at 37°C for 24h.  Bakos
et al. (1999) kept the reaction at pH 11, filtered the
precipitate, washed it in distilled water and dried the
solution at temperatures of 140-160°C. The dried material
was then sintered at 1000°C for 2h before being crushed
in a mortar. Only HA particles of 40-280µm were used for
their composites. Alternatively, by using a different
ammonium phosphate as a countercation for the phosphate
ligand, non-stoichiometric hydroxyapatite powders have
been filtered to an average particle size of 64µm, and then
dried at 90°C. The cake is then ground and particles of 60-
100 µm were used for the composites (Martins and Goissis,
2000).

The ceramic compound was synthesised at 60-80°C and
at pH 7.4 (Okazaki et al., 1990; Okazaki et al., 1997). The
apatite was then extracted by filtration, washed with
distilled water and dried at 60-80°C. This method was
further used to create FgMgCO3Apatite for composite
substitutes (Yamasaki et al., 2003).

In this reaction, chloride and potassium have been used as
the counteranions and countercations respectively in order
to form hydroxyapatite. As well as creating in vitro
hydroxyapatite particles with controlled crystal size, this
is a direct route for producing Col-HA composites by
directly mineralising collagen substrates (Lawson and
Czernuszka, 1998; Zhang et al., 2004). The actual
composite method of production will be reviewed later;
however, it is important to be aware of differences in ion
solutions used for the different experiments. For
biomaterials, purity and sterility of all excipients is a key
to favourable cellular response. Therefore, reaction 3 is
recommended as it does not make use of calcium nitrate
and ammonia. The purity of calcium nitrate was found to
be directly linked to the purity of the precipitated calcium
phosphate, whilst cytotoxic ammonia and its ammonium
products are hard to remove (Kweh et al., 1999).

Low temperature methods of HA processing have been
proposed to avoid high crystallinity of HA due to sintering
at high temperatures, resulting in similar carbonate
substituted bone hydroxyapatite. These include colloidal
processing, uniaxial and cold isostatic pressing, starch
consolidation and a combination of  gel casting and
foaming (Vallet-Regi and Gonzalez-Calbet, 2004).

The influence of HA properties
HA implants or coatings are valuable because they provide
a good adhesion to the local tissue due to their surface
chemistry and have been shown to enhance osteoblast
proliferation and differentiation (Xie et al., 2004). In bone
filling applications, bulk material is clinically harder to
insert into a complex defect compared to injectable HA
particles. Although particles provide an advantage of
having a higher surface area, they are hard to manipulate
alone and secure at the site of the implant. Therefore, they
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Abstract

Tissue engineering is a new and exciting technique which
has the potential to create tissues and organs de novo.  It
involves the in vitro seeding and attachment of human
cells onto a scaffold. These cells then proliferate, migrate
and differentiate into the specific tissue while secreting
the extracellular matrix components required to create the
tissue.  It is evident, therefore, that the choice of scaffold
is crucial to enable the cells to behave in the required man-
ner to produce tissues and organs of the desired shape and
size.  Current scaffolds, made by conventional scaffold fab-
rication techniques, are generally foams of synthetic poly-
mers. The cells do not necessarily recognise such surfaces,
and most importantly cells cannot migrate more than
500µm from the surface.  The lack of oxygen and nutrient
supply governs this depth.  Solid freeform fabrication (SFF)
uses layer-manufacturing strategies to create physical ob-
jects directly from computer-generated models.  It can
improve current scaffold design by controlling scaffold
parameters such as pore size, porosity and pore distribu-
tion, as well as incorporating an artificial vascular sys-
tem, thereby increasing the mass transport of oxygen and
nutrients into the interior of the scaffold and supporting
cellular growth in that region.  Several SFF systems have
produced tissue-engineering scaffolds with this concept in
mind, which will be the main focus of this review.  We are
developing scaffolds from collagen and with an internal
vascular architecture using SFF.  Collagen has major ad-
vantages as it provides a favourable surface for cellular
attachment.  The vascular system allows for the supply of
nutrients and oxygen throughout the scaffold.  The future
of tissue engineering scaffolds is intertwined with SFF tech-
nologies.

Key Words: Tissue engineering, scaffold, collagen, syn-
thetic polymers, solid freeform fabrication, rapid
prototyping, artificial vascular system, microarchitecture.
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Introduction

This review will present the current state of the art of
tissue engineering, with particular emphasis on the scaf-
folds on which tissue can be formed. The important role
of the scaffold will be discussed and the conventional
scaffold fabrication techniques will be introduced, high-
lighting the limitations of these fabrication techniques
and the need to find other ways to create scaffolds with
complex internal features.  In particular, the use of solid
freeform fabrication (SFF) to produce customised scaf-
folds with controlled internal microarchitecture will be
addressed and the current SFF technologies being ap-
plied to scaffold fabrication will be reviewed.

Tissue Engineering
Tissue engineering is a multidisciplinary field which in-
volves the ‘application of the principles and methods of
engineering and life sciences towards the fundamental
understanding of structure-function relationships in nor-
mal and pathological mammalian tissues and the devel-
opment of biological substitutes that restore, maintain or
improve tissue function’ (Shalak and Fox, 1988).  The
goal of tissue engineering is to surpass the limitations of
conventional treatments based on organ transplantation
and biomaterial implantation (Langer and Vacanti, 1993).
It has the potential to produce a supply of
immunologically tolerant ‘artificial’ organ and tissue
substitutes that can grow with the patient.  This should
lead to a permanent solution to the damaged organ or
tissue without the need for supplementary therapies, thus
making it a cost-effective treatment in the long term
(Patrick et al., 1998).

One of the principle methods behind tissue engineer-
ing involves growing the relevant cell(s) in vitro into the
required three-dimensional (3D) organ or tissue.  But
cells lack the ability to grow in favoured 3D orientations
and thus define the anatomical shape of the tissue.  In-
stead, they randomly migrate to form a two-dimensional
(2D) layer of cells.  However, 3D tissues are required
and this is achieved by seeding the cells onto porous
matrices, known as scaffolds, to which the cells attach
and colonise (Langer and Vacanti, 1993).  The scaffold
therefore is a very important component for tissue engi-
neering.

Several requirements have been identified as crucial
for the production of tissue engineering scaffolds
(Hutmacher, 2001): (1) the scaffold should possess in-
terconnecting pores of appropriate scale to favour tissue
integration and vascularisation, (2) be made from mate-
rial with controlled biodegradability or bioresorbability

MAKING TISSUE ENGINEERING SCAFFOLDS WORK.
REVIEW ON THE APPLICATION OF SOLID FREEFORM FABRICATION

TECHNOLOGY TO THE PRODUCTION OF TISSUE ENGINEERING SCAFFOLDS

E. Sachlos and J.T. Czernuszka*
Department of Materials, University of Oxford, Parks Road, Oxford, OX1 3PH, UK

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Textbox
5. Sachlos2003 (truncated)



30

E. Sachlos and J.T. Czernuszka.                                                                 Making tissue engineering scaffolds work

so that tissue will eventually replace the scaffold, (3) have
appropriate surface chemistry to favour cellular attach-
ment, differentiation and proliferation, (4) possess ad-
equate mechanical properties to match the intended site
of implantation and handling, (5) should not induce any
adverse response and, (6) be easily fabricated into a vari-
ety of shapes and sizes.  Bearing these requirements in
mind, several materials have been adopted or synthesised
and fabricated into scaffolds.

Scaffold Materials
Investigations into synthetic and natural inorganic ceramic
materials (e.g. hydroxyapatite and tricalcium phosphate)
as candidate scaffold material have been aimed mostly at
bone tissue engineering (Burg et al., 2000).  This is be-
cause these ceramics resemble the natural inorganic com-
ponent of bone and have osteoconductive properties
(LeGeros, 2002).  However, these ceramics are inherently
brittle and cannot match the mechanical properties of bone.
It should be mentioned that bone is a composite compris-
ing a polymer matrix reinforced with ceramic particles.
The polymer is the protein collagen, 30% dry weight, and
hydroxyapatite (HA), 70% dry weight.  Moreover, ceramic
scaffolds cannot be expected to be appropriate for the
growth of soft tissues (e.g. heart muscle tissue) consider-
ing that these tissues possess different cellular receptors
and mechanical property requirements.  Synthetic and
natural polymers are an attractive alternative and versa-
tile in their applications to the growth of most tissues.

Synthetic polymers
Aliphatic polyesters such as polyglycolic acid (PGA),
polylactic acid (PLLA), their copolymers (e.g. PLGA) and
polycaprolactone (PCL) are the most commonly used poly-
mers for tissue engineering scaffold applications (Freed
and Vunjak-Novakovic, 1998; Agrawal and Ray, 2001;
Hutmacher 2001).  The degradation products of these poly-
mers (glycolic acid and lactic acid) are present in the hu-
man body and are removed by natural metabolic path-
ways.  For a comprehensive review on synthetic polymers
used in tissue engineering scaffolds, the reader is referred
to Griffith (2000) and Hayashi (1994).

Natural polymers
Naturally derived protein or carbohydrate polymers have
been used as scaffolds for the growth of several tissue types.
By far the most popular natural polymer used for tissue
engineering scaffolds is collagen.  The reader is referred
to Hayashi (1994) for a review on biodegradable natural
polymers.

Conventional Scaffold Fabrication Techniques

Several techniques have been developed to process syn-
thetic and natural scaffold materials into porous struc-
tures.  These conventional scaffold fabrication techniques
are defined herein as processes that create scaffolds hav-
ing a continuous, uninterrupted pore structure which lacks
any long-range channelling microarchitecture.  A descrip-
tion of the different techniques follows.

Solvent-casting particulate-leaching
This technique involves producing a solution of PLLA in
chloroform and adding salt particles of a specific diam-
eter to produce a uniform suspension (Mikos et al., 1994,
1996).  The solvent is allowed to evaporate leaving be-
hind a polymer matrix with salt particles embedded
throughout.  The composite is then immersed in water
where the salt leaches out to produce a porous structure.
A lamination technique using chloroform as the binder
was proposed to shape these scaffolds into 3D structures
(Mikos et al., 1993a).

Gas foaming
A biodegradable polymer, such as PLGA is saturated with
carbon dioxide (CO2) at high pressures (Mooney et al.,
1996).  The solubility of the gas in the polymer is then
decreased rapidly by bringing the CO2 pressure back to
atmospheric level.  This results in nucleation and growth
of gas bubbles, or cells, with sizes ranging between 100-
500 µm in the polymer.

Fibre meshes/fibre bonding
Fibres, produced by textile technology, have been used to
make non-woven scaffolds from PGA and PLLA (Cima
et al., 1991).  The lack of structural stability of these non-
woven scaffolds, often resulted in significant deforma-
tion due to contractile forces of the cells that have been
seeded on the scaffold.  This led to the development of a
fibre bonding technique to increase the mechanical prop-
erties of the scaffolds (Mikos et al., 1993b).  This is
achieved by dissolving PLLA in methylene chloride and
casting over the PGA mesh.  The solvent is allowed to
evaporate and the construct is then heated above the melt-
ing point of PGA.  Once the PGA-PLLA construct has
cooled, the PLLA is removed by dissolving in methylene
chloride again.  This treatment results in a mesh of PGA
fibres joined at the cross-points.

Phase separation
A biodegradable synthetic polymer is dissolved in mol-
ten phenol or naphthalene and biologically active mol-
ecules such as alkaline phosphatase can be added to the
solution (Lo et al., 1995).  The temperature is then low-
ered to produce a liquid-liquid phase separation and
quenched to form a two-phase solid.  The solvent is re-
moved by sublimation to give a porous scaffold with
bioactive molecules incorporated in the structure.

Melt moulding
This process involves filling a Teflon mould with PLGA
powder and gelatine microspheres, of specific diameter,
and then heating the mould above the glass-transition
temperature of PLGA  while applying pressure to the mix-
ture (Thompson et al.,1995a).  This treatment causes the
PLGA particles to bond together.  Once the mould is re-
moved, the gelatin component is leached out by immers-
ing in water and the scaffold is then dried.  Scaffolds
produced this way assume the shape of the mould.  The
melt moulding process was modified to incorporate short
fibres of HA.  A uniform distribution of HA fibres through-
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