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Abstract: Human synovial joints are remarkable as they can last for a lifetime. However, they can be
affected by disease that may lead to destruction of the joint surface. The most common treatment in
the advanced stages of joint disease is artificial joint replacement, where the diseased synovial joint
is replaced with an artificial implant made from synthetic materials, such as metals and polymers. A
new technique for repairing diseased synovial joints is tissue engineering where cells are used to grow
replacement tissue. This paper explores the relative merits of synthetic and tissue-engineered implants,
using joint replacement as an example. Synthetic joint replacement is a well-established procedure
with the advantages of early mobilisation, pain relief and high patient satisfaction. However, synthetic
implants are not natural tissues; they can cause adverse reactions to the body and there could be a
mismatch in mechanical properties compared to natural tissues. Tissue-engineered implants offer great
potential and have major advantages over synthetic implants as they are natural tissue, which should
ensure that they are totally biocompatible, have the correct mechanical properties and integrate well
with the existing tissue. However, there are still many limitations to be addressed in tissue engineering
such as scaling up for production, bioreactor design, appropriate regulation and the potential for disease
to attack the new tissue-engineered implant.
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INTRODUCTION

Human synovial joints are remarkable as they can last for a
lifetime. However, they can be affected by disease that may
lead to destruction of the joint surface, resulting in pain
and disability for the sufferer. One of the major successes
in healthcare is artificial joint replacement, where the dis-
eased synovial joint is replaced with an implant made from
synthetic materials, such as metals and polymers (Hukins
et al. 1999). A new technique used for repairing diseased or
damaged synovial joints is tissue engineering, where cells
are used to grow replacement natural tissue (Berthiaume
and Yarmush 2000). Tissue engineering is widely predicted
to be a growth sector of biotechnology (Lysaght et al. 1998)
with the potential to supplant many synthetic joint replace-
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ment implant devices. The aim of this paper is to compare
the relative merits of synthetic joint replacement implants
with tissue-engineered articular cartilage. It is not the in-
tention of the article to provide a state-of-the-art review
of either tissue engineering or joint replacement implants,
as these types of article are common, e.g. see Hunziker
(2002), Martin et al. (2007), McMinn and Daniel (2006),
Nesic (2006), Park et al. (2000), Shin and Lee (2007), and
Temenoff and Mikos (2000). However, no research has
attempted to compare the techniques of joint replacement
implants with tissue engineering from an engineering point
of view of mass producing a product.

HUMAN SYNOVIAL JOINTS

Human synovial joints, such as the hip, knee and fingers,
enable articulation between two bone ends. The synovial
joint comprises articular cartilage, bone and synovial fluid.
Articular cartilage is the thin tissue that covers the bone
ends and plays an important role in providing the excellent
tribological characteristics of synovial joints (Unsworth
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1991; Shepherd and Seedhom 1999b). The structure of ar-
ticular cartilage consists of a few (about 1% by volume) cells
(chondrocytes) and an abundant extracellular matrix which
comprises collagen, noncollagenous proteins, protoeogly-
can and water (Shepherd and Seedhom 1997; Hukins et al.
1999; Temenoff and Mikos 2000).

Human joints of the lower limb, such as the hip and
knee, are subjected to multiples of body weight (typically
2–3 times for walking) during locomotion over a million
times a year (Seedhom and Wallbridge 1985; Bergmann
et al. 2001; Costigan et al. 2002). Small joints, such as
fingers, although not weight bearing, are flexed over a mil-
lion times a year (Joyce and Unsworth 2000). Despite the
severe conditions that human synovial joints operate un-
der, they can last for a lifetime. However, synovial joints
can be affected by disease, such as osteoarthritis or in-
flammatory arthritis (e.g. rheumatoid arthritis), and in the
advanced stages of the disease this leads to destruction of
the articular cartilage joint surface, resulting in great pain,
disability and a reduced quality of life for the sufferer.
Osteoarthritis is characterised by loss of articular cartilage
from the joint surface, with thickening of the subchon-
dral bone and formation of bony outgrowths (Dieppe et al.
1985b). With inflammatory arthritis, as well as destruction
of the joint surface, there is extensive damage to the soft
tissues surrounding the joint, such as ligaments and ten-
dons, and in the latter stages of the disease this results in
severe deformity (Dieppe et al. 1985a; Hart et al. 2004).
Articular cartilage has a low capability for self-repair, since
it has few cells (van der Kraan et al. 2002) and, there-
fore, the most common treatment in the advanced stages of
joint disease is artificial joint replacement with a synthetic
implant.

SYNTHETIC JOINT REPLACEMENT IMPLANTS

One of the major advances in healthcare in the 20th century
was the introduction of artificial joint replacement, where
the diseased synovial joint is replaced with an artificial im-
plant made from synthetic materials. The hip joint will be
used as an example of a joint replacement implant. Con-
ventional joint replacement of the hip involves the surgical
removal of the femoral head, broaching of the femur to cre-
ate a space for the implant stem of the femoral component,
and reaming of the acetabulum to create space for the ac-
etabular cup. The femoral and acetabular components are
then fitted to give a ball-on-socket articulation. Conven-
tional hip replacements have a cobalt chrome molybdenum
alloy femoral component articulating against an ultra high
molecular weight polyethylene acetabular cup (Park et al.
2000). These implants can have a survivorship for 20 years
or longer (Berry et al. 2002). Other material combinations,
such as metal-on-metal (cobalt chrome molybdenum alloy
against itself) and ceramic-on-ceramic (alumina against it-
self) have also become available (Sedel and Raould 2007;
Vassiliou et al. 2007). Recently, particularly in younger
patients, hip resurfacing has become popular, where the

diseased joint is resurfaced with a metal-on-metal joint
(Daniel et al. 2004).

Fixation of a synthetic joint replacement implant can be
done using bone cement (where polymethylmethacrylate
cement acts as a filler between the implant and the bone),
an interference fit (where there is a press fit between the
implant and the bone) or bone ingrowth (where the implant
has a porous layer that bone grows into).

The replacement of small joints (such as the wrist and
fingers) has generally been with a one-piece elastomer im-
plant, although articulating implants have also been de-
veloped (Beevers and Seedhom 1993; Shepherd and John-
stone 2002).

A potential alternative to the use of joint replace-
ment implants made from synthetic materials is tissue-
engineered implants.

TISSUE-ENGINEERED JOINT REPLACEMENT
IMPLANTS

Tissue engineering is a rapidly developing field in which
cells are used to grow replacement tissue for diseased or
damaged tissues (Berthiaume and Yarmush 2000). This
can take the form of implanting a scaffold which will be
invaded by existing cells in the body, or culturing cells in
a laboratory, growing them on a scaffold and implanting
the scaffold/cell assembly (tissue construct) into the body
(Berthiaume and Yarmush 2000; Seedhom et al. 2007).
Scaffolds can be made from a variety of materials, such as
natural polymers (e.g. collagen) or bio-resorbable polymers
(such as polycaprolactone) that break down in the body and
will be replaced by the growing tissue (Hutmacher 2000;
van der Kraan et al. 2002; Frenkel and Di Cesare 2004).

Instead of using synthetic joint replacement implants,
diseased articular cartilage in synovial joints could be re-
placed with tissue-engineered articular cartilage. A vari-
ety of methods for tissue engineering articular cartilage
have been reviewed earlier (Temenoff and Mikos 2000;
Hunziker 2002). A technique, known as autologous chon-
drocyte transplantation, takes a small biopsy of chondro-
cytes from the patient. Over a number of weeks the chon-
drocytes are expanded in a laboratory, until the cell density
is around 30 million per ml. The cells are then implanted
into the patient in the degenerative area of the joint surface,
and a membrane stitched over the top of the cells (Brit-
tberg et al. 1994; Brittberg 2007). A commercially available
version of this technique, which has Food and Drug Ad-
ministration approval, is Carticel, which is available for the
repair of articular cartilage defects on the femur (Kielpinski
et al. 2005). Results have shown the technique to be effec-
tive (Micheli et al. 2006; Manfredini et al. 2007). However,
there have been a number of adverse events, such as graft
delamination (Wood et al. 2006). Most current research is
concentrating on the use of a scaffold to which the cells can
attach and grow in the laboratory, before the tissue con-
struct is implanted into a patient. Autologous chondrocyte
transplantation, which involves the use of a scaffold, has
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also been investigated clinically and the results show clini-
cal improvement (Behrens et al. 2006; Nehrer et al. 2006).

SYNTHETIC VERSUS TISSUE-ENGINEERED JOINT
REPLACEMENT IMPLANTS

Introduction

Synthetic joint replacement is a well-established procedure
for treating diseased synovial joints, with the main advan-
tages being that there is early mobilisation, pain relief and
a high patient satisfaction (Orbell et al. 1998). However,
synthetic joint replacement is not without its limitations
and problems. A tissue-engineered implant has the major
advantage over conventional synthetic implants, as it is a
natural tissue that is being used to replace the diseased tis-
sue. A natural tissue is likely to be totally biocompatible,
have the correct mechanical properties and integrate well
with the existing tissue. However, tissue engineering has
many limitations that need to be addressed. The relative
merits of synthetic and tissue-engineered joint replacement
implants will be made in the following sections.

Mechanical properties

Synthetic implants for joint replacement are not natural
tissues and the response of the body is to treat them as
harmful. Therefore, it is essential that synthetic materials
are biocompatible, that is, they do not cause an adverse
reaction from the body such as inflammation (Hukins et al.
1999). A further problem with synthetic materials is that
they have different mechanical properties to natural tis-
sues. For example, the stem of a hip implant that fits into
the femur is generally made from cobalt chrome molybde-
num alloy, with a Young’s modulus of 230 GPa, whereas
the natural cortical bone that the implant fits into has a
Young’s modulus of around 17 GPa (Park 2000). This
leads to reduced loading conditions on the cortical bone
which can cause stress shielding, leading to bone resorp-
tion and implant loosening (Joshi et al. 2000).

A tissue-engineered implant has the major advantage
over conventional synthetic implants as it is a natural tissue
that is being used to replace the diseased tissue. A natural
tissue is likely to have the correct mechanical properties and
integrate well with the existing tissue. However, at present
the quality and durability of tissue-engineered articular
cartilage is not satisfactory(Hunziker 2002; Gao et al. 2007).

Disease

One major problem with osteoarthritis and inflammatory
arthritis is that the aetiology of the diseases is not fully
understood and a great deal of research is still being un-
dertaken to understand these diseases. If the disease is
still present in the synovial joint, it may affect any tissue-
engineered articular cartilage that is implanted into the
body. Thus, the new tissue-engineered articular cartilage
may succumb to arthritis as well, leaving a patient back at
square one, with a painful, diseased synovial joint. This

could be a fundamental flaw in tissue-engineered implants
for joint replacement, unless a method of protecting the
new tissue can be developed.

Manufacture and cost
Synthetic joint replacement is a well-established proce-
dure for treating diseased synovial joints. It is estimated
that over one million synthetic implants for hip and knee
replacements are implanted worldwide per year (Theta re-
ports 1998). Conventional manufacturing processes such
as casting, forging and machining are used to manufac-
ture the synthetic implants at reasonable cost. In the UK a
synthetic hip replacement implant typically costs between
£300 and £2000 (National Audit Office 2000). The total
cost of the surgical procedure is in the range of £2300 to
£7500 (National Audit Office 2003).

If tissue engineering is going to be a major healthcare
treatment of the future and replace the use of some syn-
thetic implants, production scale tissue engineering, pro-
ducing thousands of implants a month will be required
(Nerem 2000; Temenoff and Mikos 2000). Since 1987
around 20,000 procedure have taken place using autolo-
gous chondrocyte transplantation (Brittberg 2007), yet the
total for joint replacement of the hip and knee is around
one million per year (Theta reports 1998), so there would
be potentially many patients that could benefit from a suc-
cessful tissue engineering technique for articular cartilage.
It is difficult to imagine that production scale tissue engi-
neering could be possible if each tissue-engineered implant
has to be made from cells from the individual patient. Esti-
mated costs for autologous chondrocyte transplantation in
the United States range from $17,000 to $38,000 (Minas
and Peterson 2000). Although this is comparable to costs
for total joint replacement implants, in the United States,
any new articular cartilage defects would require a further
transplantation.

Ideally, an off-the-shelf tissue-engineered implant
would be required. This leads to one of the most con-
troversial issues that will have to be addressed in tissue
engineering: the use of stem cells. These cells have yet to
differentiate which means that potentially they can be ma-
nipulated to produce any tissue (Lalan et al. 2001). Stem
cell research has been controversial since the cells are ob-
tained from human embryos (Ringe et al. 2002). However,
stem cells derived from human adult tissues have now been
identified as an alternative. For example, bone marrow de-
rived stem cells can differentiate into bone and articular
cartilage (Ringe et al. 2002; Gao et al. 2007). The advan-
tage of using these cells is that they are well tolerated
immunologically and hence could be made available on a
commercial basis (Hunziker 2002).

The development and health of articular cartilage is
greatly influenced by the mechanical forces that it is sub-
jected to. For its health articular cartilage relies on nutrients
in the synovial fluid, which enter and leave the cartilage
during loading and unloading of the joint (Temenoff and
Mikos 2000). Further, it has been proposed that articular
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cartilage becomes conditioned to the prevalent loading con-
ditions to which it is subjected (Yao and Seedhom 1992;
Shepherd and Seedhom 1999a). With regards to tissue-
engineered articular cartilage, it would imply that in order
to be weight-bearing in the body, cartilage would need to
be subjected to loading before it is implanted in the human
body to enable it to be conditioned to the likely loading
conditions. If cartilage cells are simply grown and then
implanted into the body, they might not survive the load-
ing conditions. Thus, bioreactors that grow, maintain and
subject cartilage to physiological loading conditions will be
required and there is current research in the area (Mauck
et al. 2000; Demarteau et al. 2003; Saini and Wick 2003;
Yoshioka et al. 2007). A number of studies have shown that
compressive loading of tissue contracts leads to enhanced
formation and stiffer tissue (Hung et al. 2004; Waldman
et al. 2004).

To manufacture tissue-engineered implants involves
many more manufacturing stages than conventional syn-
thetic implant and, therefore, at present the manufacturing
costs are generally high. As the technology of tissue engi-
neering advances, the costs will decrease (Atala 2004).

Fixation

Fixation of synthetic joint replacement implants have been
successfully achieved by a number of methods: bone ce-
ment, interference fit and bone ingrowth. The optimum
method of fixation for a tissue-engineered scaffold/cell as-
sembly will need to be determined. Synthetic implants
have a major advantage that early mobilisation and weight
bearing can be achieved quickly after surgery. With tissue-
engineered articular cartilage, full weight bearing is not
allowed until around 8 weeks after implantation (Bailey
et al. 2003), to enable the cells integrate with existing
tissue.

Intervention

Tissue-engineered joint replacement implants need early
intervention, that is much before the disease has progressed
too far and destroyed most of the articular cartilage sur-
face. At present, it is being used to treat small defects
(Richardson et al. 1999), whereas synthetic implants are
used to treat extensive destruction of the joint surface.
Synthetic implants are also used where there is severe de-
formity and damage to other soft tissues, such as bone
and ligaments. For example, in a knee joint affected by
rheumatoid arthritis there can be damage to the ligaments
(Hart et al. 2004). Some designs of total knee replace-
ment are for use where cruciate ligaments are not required
(Fuchs et al. 2004). If tissue engineering is to be used
in the absence of functioning ligaments, tissue-engineered
ligaments, as well as tissue-engineered articular cartilage,
would also be required. Although there is research in
the area of tissue-engineered ligaments, as with all tissue-
engineered constructs, there are many limitations still to
be addressed (Van Eijk et al. 2004; Vunjak-Novakovic et al.
2004).

Tribology

Natural synovial joints have excellent tribological proper-
ties that allow joints to operate for a lifetime, in the absence
of disease. Under some conditions during the gait cycle
(high velocity, low load) synovial joints can operate with
fluid film lubrication (Dowson and Jin 1986; Unsworth
1991; Murakami et al. 1998). However, under severe load-
ing conditions, or where there is little motion, fluid films
are unlikely to persist and, therefore, boundary or mixed
lubrication will occur (Murakami et al. 1998). With the
use of tissue-engineered implants, there is the possibility
to restore the natural articular cartilage joint surface and,
therefore, gain the excellent tribological properties of the
natural joint.

Metal-on-polymer joint replacement implants operate
with a boundary or mixed lubrication regime, where the
bearing surfaces are not separated by a fluid film and, there-
fore, wear can occur (Murakami et al. 1998; Dowson 2001).
Few metal-on-polymer implants can be expected to last for
25 years due to wear of the polymer, therefore, this type
of implant is not suitable for the young or very active
since after they have been implanted for a number of years
revision surgery would be required. Wear can cause struc-
tural failure of the polymer and altered biomechanics if the
shape of the polymer implant becomes changed by wear
(Fisher 1994). The most serious problem from wear of the
polymer is osteolysis, where an adverse cellular reaction
leads to bone resorption and implant loosening (Ingham
and Fisher 2000). The problem with polymer wear has
lead to the consideration of alternative articulating ma-
terial combinations, such as metal-on-metal, ceramic-on-
ceramic or ceramic-on-metal, in an attempt to reduce wear
debris (Dowson 2001; Sedel and Raould 2007; Vassiliou
et al. 2007). Although these alternative material combina-
tions have been shown to have reduced wear debris com-
pared with metal-on-polymer implants, wear debris still
occurs.

Regulation

Before conventional synthetic medical devices can be im-
planted into patients, they must meet the necessary reg-
ulations, such as the European Medical Device Directive
(Shepherd 2002) or in the United States, the regulations
of the Food and Drug Administration (Eidenberger 2000).
One of the essential parts of developing a medical device is
to undertake a risk analysis to help identify any potential
hazards associated with its use (Shepherd 2002). Clearly,
with tissue-engineered implants there will be many poten-
tial new hazards introduced, such as new diseases or con-
tamination of the cells, and legislation for these types of
implants is being developed (Moore 2002; Williams 2007),
e.g. ASTM F2312 (ASTM 2004).

CONCLUSIONS

This paper has compared the relative merits of synthetic
and tissue-engineered implants for joint replacement,
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although the points raised are equally applicable for im-
plants used in any part of the human body. Joint replace-
ment with synthetic materials is a well-established pro-
cedure with the advantages being early mobilisation, pain
relief and high patient satisfaction. However, synthetic im-
plants are not natural tissues and can cause adverse reac-
tions from the body (particularly from wear debris). Fur-
ther, there is a mismatch in mechanical properties com-
pared to natural tissues. Tissue-engineered implants offer
great potential and have the major advantage over synthetic
implants that it is natural tissue, which should ensure that it
is totally biocompatible, have the correct mechanical prop-
erties and integrate well with the existing tissue. However,
people should not get carried away with tissue engineering
before the basic science has been fully understood (Lalan
et al. 2001; Rose and Oreffo 2002). There are still many
limitations to be addressed in tissue engineering such as
scaling up for production, bioreactor design, appropriate
regulation and the potential for disease to attack the new
tissue-engineered implant.
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