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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
500pum 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.
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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
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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.
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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 (CO,) at high pressures (Mooney et al.,
1996). The solubility of the gas in the polymer is then
decreased rapidly by bringing the CO, pressure back to
atmospheric level. This results in nucleation and growth
of gas bubbles, or cells, with sizes ranging between 100-
500 um 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 ef 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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out the PLGA scaffold could only be accomplished by us-
ing a solvent-casting technique to prepare a composite ma-
terial of HA fibres, PLGA matrix and gelatine or salt
porogen, which was then used in the melt moulding proc-
ess (Thompson et al., 1995b).

Emulsion freeze drying

This process involves adding ultrapure water to a solution
of methylene chloride with PGA (Whanget al., 1995). The
two immiscible layers are then homogenised to form a wa-
ter-in-oil emulsion, which is then quenched in liquid nitro-
gen and freeze-dried to produce the porous structure.

Solution Casting

PLGA is dissolved in chloroform and then precipitated by
the addition of methanol (Reuber ef al., 1987; Schmitz and
Hollinger, 1988). Demineralised freeze-dried bone can be
combined with the PLGA, and the composite material is
then pressed into a mould and heated to 45-48°C for 24h to
create the scaffold.

Freeze drying

Synthetic polymers, such as PLGA, are dissolved in glacial
acetic acid or benzene. The resultant solution is then fro-
zen and freeze-dried to yield porous matrices (Hsu ef al.,
1997). Similarly, collagen scaffolds have been made by
freezing a dispersion or solution of collagen and then freeze-
drying (Yannas et al., 1980). Freezing the dispersion or
solution results in the formation of ice crystals that force
and aggregate the collagen molecules into the interstitial
spaces. The ice crystals are then removed by freeze-dry-
ing. The pore size can be controlled by the freezing rate
and pH; a fast freezing rate produces smaller pores
(Dagalakis et al., 1980; Doillon et al., 1986). Unidirec-
tional solidification has been used to create a homogenous
3D-pore structure (Schoof et al., 2000, 2001). Dehydra-
tion of the frozen collagen using ethanol and then critical
point drying has also been used to make collagen scaffolds
(Dagalakis et al., 1980, Sachlos et al., 2003). These colla-
gen scaffolds are then crosslinked by either physical or
chemical means to reduce the solubility, antigenicity and
degradation rate. Physical crosslinking involves exposing
to ultraviolet (Miyata ef al., 1971) or gamma irradiation
(Miyata et al., 1980), or dehydrothermal treatment
(Weadock et al., 1983-84; Thompson and Czernuszka
1995). Chemical crosslinking is achieved by the use of
bifunctional agents like glutaraldehyde (GTA) (Ruijgrok et
al., 1994) and hexamethylene diisocyanate (Olde Damink
et al., 1995) or by carboxyl group activation with
carbodiimides (Weadock et al., 1983-84). Other natural
polymers like chitin (Madihally and Matthew, 1999) and
alginate (Glicklis et al., 2000) are also fabricated into scaf-
folds using freezing-drying.

Limitations of current tissue engineering scaffolds

Several detailed investigations have shown that cells at-
tach to synthetic polymer scaffolds leading to the forma-
tion of tissue, summarised by Freed and Vunjak-Novakovic
(1998). However, the degradation of synthetic polymers,
both in vitro and in vivo conditions, releases acidic by-prod-
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ucts which raise concerns that the scaffold
microenvironment may not be ideal for tissue growth.
Lactic acid is releases from PLLA during degradation
(Reed and Gilding, 1981), reducing the pH, which fur-
ther accelerates the degradation rate due to autocataly-
sis (Vert et al., 1994), resulting in a highly acidic envi-
ronment adjacent to the polymer. Such an environment
may adversely affect cellular function (Kohn et al.,
2002). Cells attached to scaffolds are faced with sev-
eral weeks of in vitro culturing before the tissue is suit-
able for implantation. During this period, even small
pH changes (6.8-7.5) in the scaffold microenvironment
can significantly affect bone marrow stromal cell ex-
pression of osteoblastic phenotypic markers (Kohn et
al., 2002). Furthermore, particles released during poly-
mer degradation can affect bone-remodelling processes
(Wake et al., 1998) along with eliciting an inflamma-
tory response and inducing bone resorption in vivo
(Bergsma et al., 1995; Suganuma and Alexander, 1993).
Moreover, current synthetic polymers do not possess a
surface chemistry which is familiar to cells, that in vivo
thrive on an extracellular matrix made mostly of colla-
gen, elastin, glycoproteins, proteoglycans, laminin and
fibronectin (Alberts ef al., 1994). In contrast, collagen
is the major protein constituent of the extracellular ma-
trix and is recognised by cells (Kleinman ef al., 1981)
as well as being chemotactic (Postlethwaite ez al., 1978).
Collagen scaffolds presents a more native surface rela-
tive to synthetic polymer scaffolds for tissue engineer-
ing purposes. However, like other natural polymers, it
may elicit an immune response (Arem, 1985). The an-
tigenicity of collagen can be reduced by treating with
pepsin to remove the telopeptide regions or by
crosslinking (Chevally and Herbage, 2000).

Conventional scaffold fabrication techniques are in-
capable of precisely controlling pore size, pore geom-
etry, spatial distribution of pores and construction of
internal channels within the scaffold. Scaffolds pro-
duced by solvent-casting particulate-leaching cannot
guarantee interconnection of pores because this is de-
pendent on whether the adjacent salt particles are in
contact. Furthermore, skin layers are formed during
evaporation and agglomeration of salt particles makes
controlling the pore size difficult (Hutmacher, 2001).
Moreover, only thin scaffold cross-sections can be pro-
duced due to difficulty in removing salt particles deep
in the matrix. For gas foaming, it has been reported
that only 10-30% of the pores were interconnected
(Mooney et al., 1996). Non-woven fibre meshes have
poor mechanical integrity. Excluding gas foaming and
melt moulding, conventional scaffold fabrication tech-
niques use organic solvents, like chloroform and meth-
ylene chloride, to dissolve synthetic polymers at some
stage in the process. The presence of residual organic
solvent is the most significant problem facing these tech-
niques due to the risks of toxicity and carcinogenicity it
poses to cells.

In addition, conventional fabrication techniques pro-
duce scaffolds that are foam structures. Cells are then
seeded and expected to grow into the scaffold. How-
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cell culture medium

a) Tissue engineering scaffold which is an open-cell
foam structure. Oxygen and nutrients are supplied
from the liquid cell culture medium.

c) Cells start to proliferate and migrate into the pores
of the scaffold.

d) The cells fully colonise the pores and start to lay
down their own extracellular matrix.

e) The top layer of cells consumes most the oxygen
and nutrients in addition to limiting the diffusion of
these components, thus reducing the amount avail-
able for pioneering cells migrating deep into the scaf-
fold. Eventually, cellular migration is halted due to
the lack of oxygen and nutrients supply. The layer
of cells that can survive on the diffusion of oxygen
and nutrients from the medium is called the cellular
penetration depth (Dp).

Figure 1: A schematic diagram showing the diffu-
sion constraints of tissue engineering scaffolds which
are foam structures.
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ever, this approach has resulted in the in vitro growth of
tissues with cross-sections of less than 500um from the
external surface (Ishaug-Riley ef al., 1997; Freed and
Vunjak-Novakovic, 1998). This is probably due to the
diffusion constraints of the foam as shown in Figure 1.
The pioneering cells cannot migrate deep into the scaf-
fold because of the lack of nutrients and oxygen and in-
sufficient removal of waste products; cell colonisation at
the scaffold periphery is consuming, or acting as an ef-
fective barrier to the diffusion of, oxygen and nutrients
into the interior of the scaffold. Furthermore, for bone
tissue engineering, the high rates of nutrient and oxygen
transfer at the surface of the scaffold promote the miner-
alization of the scaffold surface, further limiting the mass
transfer to the interior of the scaffold (Martinet al., 1998).
Thus cells are only able to survive close to the surface. In
this connection, it should be noted that no cell, except for
chondrocytes, exists further than 25-100pm away from a
blood supply (Vander et al., 1985; Guyton and Hall, 1996).
The low oxygen requirement of cartilage may be the rea-
son why only this tissue has been successfully grown in
vitro to thick cross-sections i.e. greater than 1mm using
conventional scaffold fabrication techniques (Freed and
Vunjak-Novakovic, 1998). Skin is a relatively 2D tissue
and thus thick cross-sections of tissue are not required,
thereby explaining the success of producing this tissue
with conventional scaffold fabrication techniques
(Eaglstein and Falanga, 1997). However, most other 3D
tissues require a high oxygen and nutrient concentration.
The human body supplies its tissues with adequate
concentrations of oxygen and nutrients via blood vessels.
Tissue engineering scaffolds should embrace this approach
and have some form of an artificial vascular system present
within them to increase the mass transport of oxygen and
nutrients deep within, and removal of waste products from,
the scaffold. It is in this application that solid freeform
fabrication can optimise tissue-engineering scaffolds.

Solid Freeform Fabrication

The technology transfer of solid freeform fabrication (SFF)
to tissue engineering may be the key to produce scaffolds
with customised external shape and predefined and re-
producible internal morphology, which not only can con-
trol pore size, porosity an pore distribution, but can also
make structures to increase the mass transport of oxygen
and nutrients throughout the scaffold.

SFF technologies involve building 3D objects using
layered manufacturing strategies. Although there are sev-
eral commercial variants of SFF technology, the general
process involves producing a computer-generated model
using computer-aided design (CAD) software. This CAD
model is then expressed as a series of cross-sectional lay-
ers. The data is then implemented to the SFF machine,
which produces the physical model. Starting from the
bottom and building layers up, each newly formed layer
adheres to the previous. Each layer corresponds to a cross-
sectional division. Post-processing may be required to
remove temporary support structures.

Furthermore, data obtained from Computerised Tomog-
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raphy (CT) or Magnetic Resonance Imaging (MRI) medi-
cal scans can be used to create a customised CAD model
and consequently a scaffold possessing the exact external
shape required to correct the damaged tissue site. Only the
SFF technologies that have been applied to fabrication of
tissue engineering scaffolds will be presented below. The
reader is referred to Pham and Dimov (2000) for a general
review on SFF.

Three Dimensional Printing (3DP)

(Bredt et al., 1998)

3DP incorporates conventional ink jet printing technology
(x- and y-axis control) to eject a binder from a jet head, which
moves in accordance to the CAD cross-sectional data, onto
a polymer powder surface. The binder dissolves and joins
adjacent powder particles. The piston chamber is lowered
(z-axis control) and refilled with another layer of powder
and the process repeated. The unbound powder acts to sup-
port overhanging or unconnected features and needs to be
removed after component completion. Figure 2 shows this
system.

Stereolithography (SLA)

(Hull, 1990)

The process involves selective polymerisation of a liquid
photocurable monomer by an ultraviolet laser beam. The
UV beam is guided (x- and y-axis control) onto the liquid
monomer surface in accordance to the CAD cross-sectional
data. After the first layer is built, the elevator holding the
model is lowered into the vat (z-axis control) so as to allow
the liquid photopolymer to cover the surface. A ‘wiper arm’
is then displaced over the liquid to flatten the surface. The
procedure is repeated until the model is completed. This
system requires support structures to be added to the model,
to prevent any overhanging or unconnected features from
falling to the bottom of the liquid-filled vat. After comple-
tion, the model is raised and any support structures are re-
moved manually. Figure 3 shows this system.

Fused Deposition Modelling (FDM)

(Scott, 1991)

FDM uses a moving nozzle to extrude a fibre of polymeric
material (x- and y-axis control) from which the physical
model is built layer-by-layer. The model is lowered (z-axis
control) and the procedure repeated. Although the fibre must
also produce external structures to support overhanging or
unconnected features that need to be manually removed, the
pore sizes in tissue engineering scaffolds are sufficiently small
enough for the fibre strand to bridge across without addi-
tional support structures. Figure 4 shows this system.

3D Plotter

(Landers and Mulhaupt, 2000)

This system, developed by researchers at the University of
Freiburg, involves a moving extruder head (x-, y- and z-axis
control) and uses compressed air to force out a liquid or paste-
like plotting medium. The extruder head can be heated to
the required temperature. The medium solidifies when it
comes in contact with the substrate or previous layer. Fig-
ure 5 shows this system.
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Figure 2: Schematic diagram of the 3D printing (3DP)
system.

Figure 3: Schematic diagram of the Stereolithography
(SLA) system.

thermoplastic
filament

Figure 4: Schematic diagram of the Fused Deposition
Modelling (FDM) system.

compressed air

Figure 5: Schematic diagram of the 3D Bioplotter sys-
tem.
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Phase-change Jet Printing

(Philbrook et al., 1996)

This system comprises two ink-jet print heads; each de-
livering a different material, one material for building
the actual model and the other acting as support for any
unconnected or overhanging features. Molten
microdroplets are generated by the jet heads, which are
heated above the melting temperature of the material, and
deposited in a drop-on-demand fashion. The
microdroplets solidify on impact to form a bead. Over-
lapping of adjacent beads forms a line and overlapping of
adjacent lines forms a layer. After layer formation, a hori-
zontal rotary cutter arm can be used to flatten the top
surface and control the layer thickness. The platform is
lowered and the process is repeated to build the next layer,
which adheres to the previous, until the shape of the model
is complete. Once built, the model can then be immersed
in a selective solvent for the support material, but a non-
solvent for the build material, so as to leave the physical
model in its desired shape. Figure 6 shows this system.

Solid Freeform Fabrication in Tissue Engineering

It is appreciated that computer control of complex inter-
nal features of scaffolds, such as pore size, porosity, pore
distribution and an artificial vascular system, offered by
SFF technologies is a great advantage to the tissue engi-
neer. An artificial vascular system is defined herein as
any structures contained within the scaffold that supply
and maintain an adequate mass transport of oxygen and
nutrients to the cells, and removal of waste metabolites
from the cells, throughout the whole scaffold.

The pioneering work of Griffith and co-workers at
Massachusetts Institute of Technology resulted in the re-
alisation of tissue engineering scaffolds manufactured with
SFF technology (Giordano et al., 1996; Griffith et al.,
1997; Park et al., 1998). Scaffolds have been made from
PLLA and PLGA by printing chloroform onto a bed of
these particles. The chloroform acts to swell, partially
dissolve the polymer and eventually bind adjacent parti-
cles once the solvent has evaporated. Scaffolds of PLGA
were manufactured using 3DP and used for liver tissue
engineering (Kim et al., 1998). 3DP was used to create
an intricate network of channels running longitudinally
and radially through the length of the scaffold. The di-
ameter of these channels was reported to be 800pum. The
PLGA powder also contained sodium chloride particles,
which were removed by leaching with distilled water to
create micropores within the scaffold. The drawbacks of
3DP are due to the fact that it is a powder-based process
making it difficult to remove support powder from com-
plex channel features deep within the scaffold. Further-
more, organic solvents are used as the binder. After 1
week drying, there still remained 0.5%wt (5000ppm) chlo-
roform on samples made by 3DP (Giordano et al., 1996).
The amount of residual chloroform permitted in drugs,
defined by the US Pharmacopoeia, is 60ppm (Federal
Register, 1997). Recently, residual chloroform extrac-
tion using liquid carbon dioxide has been investigated
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Figure 6: Schematic diagram of the phase change
jet printing system, the Model-Maker I (MMII).

(Koegler et al., 2002). This technique reduced the level
of chloroform below 50ppm. Lam ef al. (2002) used wa-
ter as a binder with 3DP to produced starch-based poly-
mer scaffolds. However, infiltration of the porous scaf-
folds with a solution of PLLA and PCL in methylene chlo-
ride was required to increase the mechanical strength.

Griffith and Halloran (1996) have reported the fabri-
cation of ceramic parts by SLA. Suspensions of alumina,
silicon nitride and silica particles loaded in UV-
photocurable monomer were made using SLA. Curing of
the monomer resulted in binding of ceramic particles to
from a green body. The binder was removed by pyrolysis
and the ceramic parts sintered. A suspension of hydroxya-
patite (HA) in photocurable monomer was formulated to
produce HA scaffolds for orbital floor prosthesis by this
same technique (Levy et al., 1997). These HA scaffolds
offer superior cosmetic appearance for bone graft appli-
cations compared to conventional techniques. Similarly,
Porter et al. (2001) formulated suspensions of calcium
polyphosphate (CPP) and a photocurable monomer for
application to SLA. They reported 25 vol% CPP suspen-
sion, which resulted in amorphous CCP by sintering at
585°C compared to crystalline CCP formed at 600°C.
These ceramic scaffolds are limited to bone engineering.
Matsuda and Mizutani (2002) have developed a biode-
gradable, photocurable copolymer, acrylate-endcapped
poly(e-caprolactone-co-trimethylene carbonate), which
can be used with the SLA apparatus.

FDM has also been adapted for tissue engineering scaf-
fold production. Hutmacher et al. (2001) optimised the
processing parameters for the extrusion of PCL filaments
to produce honeycomb-like scaffolds. The porosity can be
varied between 48-77%, depending on the diameter of
the extruder tip (Zein et al., 2002). The channel size
ranged between 160mm (vertically) and 700pm (horizon-
tally). Cell culturing of these PCL scaffolds showed that
human fibroblasts colonized the struts and bars and formed
a cell-to-cell and cell-to-extracellular matrix
interconnective network throughout the entire 3D honey-
comb-like architecture. FDM is an extremely attractive
technology for tissue engineering scaffolds in that it does
not use toxic organic solvents. However, because the FDM
operates at high temperatures (120°C), this eliminates the
incorporation of biological molecules into the process.
Woodfield et al. (2002) has made poly(ethylene glycol
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terephthalate)/ poly(butylenes terephthalate) scaffolds
using FDM. It is appreciated that there is a narrow
processing parameters window for the application of bio-
degradable polymers with FDM (Landers ef al., 2002b).

A much more versatile system that is capable of ex-
truding hotmelts, solutions, pastes and dispersions of poly-
mers as well as monomers and reactive oligomers is the
3D Plotter (Landers and Mulhaupt, 2000). Scaffolds have
been made from PLA, PLGA and PCL using this system
(Landers et al., 2002a). However, probably the most at-
tractive feature of the 3D Plotter is in the production of
hydrogel scaffolds. Landers ef al. (2002b) have reported
making agar hydrogel scaffolds. The delicate hydrogel
strands were supported by dispensing the agar in a liquid
medium with matched density and polarity. The agar so-
lution was heated to 70°C and then dispensed into an aque-
ous gelatin solution kept at 20°C. Gelation of the agar
occurs to form a stable gel with some mechanical integ-
rity. Cellular attachment of fibroblasts and osteosarcoma
cells on the agar scaffolds was improved by forming a
coating based on the reaction of calcium ions with hy-
aluronic acid and alginic acid. Further treatments to in-
crease the surface roughness of the scaffolds and increase
cellular attachment were made. Gelatin hydrogel scaf-
folds proved difficult to produce because the gel isn’t sta-
ble at 37°C. The same investigators have also made fi-
brin hydrogel scaffolds using reactive plotting (Landers
et al., 2002b). The 3D Plotter dispensed a solution of
alginic acid and fibrinogen into an aqueous solution con-
taining thrombin and calcium ions. Thrombin is the en-
zyme which catalyses the polymerisation of fibrinogen to
fibrin. Fibrin is formed in the human body by this same
process during blood clot formation. Since reactive plot-
ting can be performed at 37°C, this offers the possibility
of incorporating cells into the dispersing solution and cre-
ate hydrogels with different cell types throughout the scaf-
fold (Landers et al., 2002b).

Ang et al. (2002) describe a rapid prototyping robotic
dispensing (RPBOD) system that works on the same prin-
ciples as the 3D Bioplotter. These investigators reported
producing 3D chitosan and chitosan-HA scaffolds using
the RPBOD. Solutions of chitosan or chitosan-HA were
extruded into a sodium hydroxide and ethanol medium to
induce precipitation of chitosan. The concentration of
sodium hydroxide was identified as important in control-
ling the adhesion between layers. The scaffolds were then
hydrated, frozen and freeze-dried. Prior to cell culturing
with osteogenic cells, the scaffolds were seeded with fi-
brin glue.

Scaffolds made using solid freeform fabrication
moulds

The above-mentioned techniques aim to produce scaffolds
directly from SFF systems. However, a different school
of thought involves using the SFF system to make a mould,
casting a biocompatible and biodegradable material into
the mould and then removing the mould as shown in Fig-
ure 7. The mould is designed to possess the negative
shape of the envisioned scaffold. The concept for using a
mould to make tissue-engineering scaffolds is not new;
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b) Mould, possessing the negative shape of the en-
visioned scaffold, is designed on a computer
workstation using CAD. The mould is manufactured
using SFF technology.

c¢) Biodegradable material is cast into the mould and
solidified.

d) Mould is removed by thermal or chemical disso-
lution techniques to free the scaffold.

Figure 7: The principle of using a sacrificial mould
manufactured by SFF to make tissue engineering
scaffolds.

Cao et al. (1997) used alginate impression material to
make a mould of a 3 year old child’s ear. The alginate
impression was used to fashion a plaster mould to which
a PGA mesh was added and moulded into the shape of
the human ear. Jockenhoevle ef al., (2001) have made
aluminium moulds, resembling the shape of a human aor-
tic valve. A cell suspension of myofibroblasts and fibrino-
gen was cast into the mould and polymerisation of fibrin
was induced.

However, these moulding techniques have only been
used to control the external shape of the scaffold; they are
unable to make undercut structures inside the scaffold.
Chu et al. (2002) has pioneered the application of moulds
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made by SFF to control the internal architecture of the
scaffold. Moulds were fabricated with a SLA system us-
ing a commercial epoxy resin. A 40 vol% HA suspension
was cast into the mould and the acrylic-based binder ther-
mally cured. The epoxy mould and acrylic binders were
removed by pyrolysis and the remaining HA sintered.
Several mould designs were produced, all of which pos-
sessed a series of interconnecting shafts of controlled di-
mensions which dictate the channel structure to be formed
in the HA scaffold. The size of channels in the HA scaf-
fold was reported to be 469+20um in height and
334+10pum in width. The reported average compressive
strength of 30+£8 MPa of the HA scaffolds is comparable
to that of coralline HA (Shors and Holmes, 1993). Im-
plantation of cylindrical shaped scaffolds, with orthogonal
and radial channel designs, in the mandible of Yucatan
minipigs for 9 weeks revealed a bone penetration depth
of 0.7-1.4mm in the end sections of both designs, and
1.08+/-4.9mm and 1.28+/-0.6mm in the middle sections
of the orthogonal and radial designs, respectively. Simi-
larly, Bose et al. (2002) fabricated alumina scaffolds with
moulds made by FDM using commercially available ICW-
06 thermoplastic wax. The alumina scaffolds were coated
with HA to make the scaffolds bioactive. These bioceramic
scaffolds are limited to bone tissue engineering and the
high binder burn out temperatures (550°C) eliminates the
possibility of making biodegradable polymer scaffolds with
this process.

Taboas et al. (2003) have cast a solution of PLLA and
chloroform into wax and ceramic moulds to create chan-
nelled structures. Salt particles were added to the mould,
and removed by leaching, to create interconnected pores
within the polymer matrix. PLLA/PGA composites were
also made by a two-step melt casting procedure using a
ceramic mould. HA/PLLA composites were produced
using a similar process. The ceramic moulds were re-
moved by chemical dissolution using RDO (a commer-
cial decalcifier). This process uses organic solvents for
casting and mould removal, thus raising the issue of
whether toxic residues are present on the scaffold.

A process developed at the University of Oxford and
UMIST has resulted in the production of collagen scaf-
folds with controlled and predefined internal morphol-
ogy (Sachlos et al., 2003). The process begins with a
mould, which is manufactured using a phase-change ink-
jet printer, the Model-Maker II. The mould possesses a
series of interconnected and branched shafts running
across the walls of the mould. A dispersion of collagen
type I is cast into the mould and frozen at —20°C. The
mould containing the frozen collagen is then immersed
in ethanol, which dissolves the mould and ice crystals to
leave a porous collagen structure containing channels that
are predefined by the mould. The channel width and
height size can be adjusted to a minimum of 200+20pum.
Ethanol is probably a more appropriate organic solvent to
tissue engineering scaffold processing because any residues
should not be significantly deleterious to cells. The etha-
nol is then removed by critical point drying with liquid
carbon dioxide. The result is a dry collagen scaffold,
shown in Figure 8, which is ready for subsequent
crosslinking, rehydration and cell culturing. The process
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Figure 8: SEM image showing cross-section through
a collagen scaffold made with SFF mould. Note the
well-defined square channels and the size of these
channels which range from 170-450um.

Figure 9: SEM image showing a composite scaffold
with hydroxyapatite particles embedded throughout
the collagen matrix. Note the open-cell porosity of
the collagen matrix.

is attractive in that collagen is used as the scaffold mate-
rial. The processing temperature never exceeds 36°C,
therefore preventing the denaturing of the collagen mol-
ecules and offers the possibility of incorporating other
biological molecules, e.g. growth factors. These collagen
scaffolds are intended for the engineering of soft tissues.
Composite scaffolds have also been formed by adding 70%
weight HA particles into the collagen dispersion and then
processing as shown in Figure 9. These composite scaf-
folds provide a chemical environment characteristic of
bone and are intended for engineering of this tissue. The
moulds are made from the commercial thermoplastic
materials, ProtoBuild™. Research efforts are aimed at
making for scaffolds of type I collagen for use in hard and
soft tissue augmentation using non-toxic solvents and
materials.
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Conclusion

In summary, tissue-engineering scaffolds made from con-
ventional fabrication techniques are inadequate for the
growth of thick cross-sections of tissue due to the diffu-
sion constraints posed by foam structures. Solid freeform
fabrication systems provide a solution to this problem by
creating scaffolds with controlled internal
microarchitecture, which should increase the mass trans-
port of oxygen and nutrients deep into the scaffold. Sev-
eral systems have been successfully adapted to produce
synthetic and natural biodegradable polymer, bioceramic
and hydrogel scaffolds. However, shortcomings arise from
difficulty in support powder removal, use of toxic organic
binders, high temperature processing preventing the use
of biological molecules and poor mechanical strength. The
use of sacrificial moulds made by SFF systems avoids some
of these processing issues whilst retaining the computer
control and high resolution offered by SFF. Optimising
the scaffold is essential if tissue engineering is going to
be successful in replacing or repairing damaged human
tissues. SFF has the potential to optimise these scaffolds
and make them work.
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Discussion with Reviewers

S. Gogolewski: The authors state “Conventional scaffold
fabrication techniques are incapable of precisely control-
ling pore size, pore geometry, spatial distribution of pores
and construction of internal channels within the scaffold.
Scaffolds produced by solvent-casting particulate-leach-
ing cannot guarantee interconnection of pores because this
is dependent on whether the adjacent salt particles are in
contact. Furthermore, skin layers are formed during
evaporation and agglomeration of salt particles makes
controlling the pore size difficult (Hutmacher, 2001).
Moreover, only thin scaffold cross-sections can be pro-
duced due to difficulty in removing salt particles deep in
the matrix “. This statement is too general and not justi-
fied. Look for example in Gugala and Gogolewski (2000).
The polylactide scaffold has interconnected open pores,
well-controlled pore size, no skin layers and no salt parti-
cles deep in the matrix.

Authors: The use of SFF allows us to control channels
and their interconnectivity with a diameter of approxi-
mately 200um. The use of a porogen will give rise to a
distribution of pore sizes and their interconectivity (which
my well be present) cannot be controlled in the same way
as by SFF. It is this level of control of the internal (and
external) architecture which makes SFF so potentially
exciting. Of course, the matrix between the channels can
be porous with interconectivity if so desired. We stand by
our assertion that current tissue engineering scaffolds
without controlled internal channels cannot allow cells
to maintain viability deep within the scaffold.
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M. Dalby: For the collagen / HA composite intended for
bone tissue engineering, how mechanically similar to bone
is the material and what is the percentage of HA incorpo-
rated - will there be enough to truly effect osteoblast re-
sponse? In order for such a material to be used in load-
bearing applications, the material should be able to sup-
port the rigors of walking etc. Perhaps it is intended that
once osseointegration has taken place the formation of
bone within the scaffold will be able to take the load?

A. Curtis: Would the authors like to comment on (1) The
degree of accuracy and reproducibility in fabrication that
is desired, and (2) The desirable mechanical properties of
the polymer?

Authors: These two questions are answered together. The
mechanical properties of the scaffold can be tailored to
suit the particular requirements. Thus, a material with a
low elastic modulus would be more suitable as a scaffold
for an arterial graft, whereas higher values of the Young
Modulus would be required for bone augmentation. The
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modulus is controlled via several routes - firstly by the
components comprising the scaffold itself, secondly the
scale and size of the porosity and thirdly, the dimensions
and shape of any internal channels. It is this degree of
control which makes solid free-form fabrication such a
useful tool in making scaffolds. The scaffold of bone tis-
sue augmentation has a Young’s modulus of approximately
2 GPa.. This is similar to many artificial polymers, but
we use the natural components - collagen and hydroxya-
patite. The response of osteoprogenitor cells to this class
of biomaterial is superior to that found with artificial poly-
mers.

Additional Reference

Gugala Z, Gogolewski S (2000) In vitro growth and
activity of primary chondrocytes on a resorbable
polylactide three-dimensional scaffold. J Biomed Mater
Res49: 183-191.



