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Background: Current surgical techniques for the repair of the musculoskeletal
system can be often limited by the availability, quality and quantity of materials,
such as grafts to effect repair. This has led to the exploration and development
of novel methods of intervention based on tissue engineering and regenerative
medicine.

Source of data: This review summarizes the successes and investigations which
are happening to date in the field of musculoskeletal tissue engineering. This is
based on an extensive literature search and through basic research being
performed by the authors.

Areas of agreement: Due to the constraints surrounding certain surgical
techniques and restrictions on their use, novel procedures are required for the
repair and regeneration of damaged tissues.

Areas of controversy: The choice of cell type has caused much debate within the
tissue-engineering field. However it is widely accepted that currently only
autologous primary/adult stem cells are fit for transplantation, until such times
that optimized differentiation and selection protocols exist for embryonic

stem cells.

Growing points: The current results of the clinical cases utilizing tissue
engineered constructs for bone and cartilage repair provide insights for
improvement of these techniques thus allowing treatments to become
increasingly viable.

Areas timely for developing research: There is a need to better understand the
integration of scaffolds and cell populations into the target tissue. This should
provide vital information influencing scaffold manufacturing procedures and
cell selection.

Keywords: Tissue engineering/regenerative medicine/musculoskeletal /
embryonic stem cells/mesenchymal stem cells/scaffolds
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Introduction

The ultimate aim of the tissue-engineering field concerns ‘understanding
the principles of tissue growth, and applying this to produce functional
replacement tissue for clinical use’." This process, depicted by the sche-
matic diagram in Figure 1, uses combinations of cells and/or scaffold
matrices which have the ability to form tissues within the body upon
transplantation. However, this has not always been the only meaning
of the term; historically it has been associated with the use of artificial
devices, which replace tissues at sites of trauma—such as prosthetic
limbs—and has also been associated with manipulation of body
tissues.

Perhaps the first report of tissue engineering, as viewed today,
occurred in the late 1970s by Howard Green at MIT. Dr Green suc-
cessfully grew colonies of epidermal keratonicytes into sheets of epi-
thelium, which resembled the epidermis. This cultured epithelium
could be successfully introduced onto a wound of athymic mouse in
nearly all cases studied.? This technique was further used for the cover-
age of burn wounds in humans in 1984 by Gallico et al.® The use of
this technique of in vitro tissue regeneration has created much excite-
ment within the medical community and subsequently a great deal of
research has occurred, particularly into the regeneration of tissues from
the musculoskeletal system.
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Fig. 1 Schematic diagram demonstrating the theory behind tissue engineering. Cells can
be derived from tissue or from stem cell sources and combined with scaffold materials.
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Clinical applications of musculoskeletal tissue engineering

When considering musculoskeletal tissue engineering the primary
uses of this technique would be concerning the replacement of lost or
damaged bone, cartilage, skeletal muscle and tendon/ligament. Many
factors would influence the use of this technique for tissue replacement
ranging from the type and manufacture of scaffold materials to the
source of cells used for scaffold seeding. The primary function of the
scaffold is to deliver growth factors and/or cells to the site of tissue
trauma to aid the repair/regeneration of the injury. The scaffold should
mimic the structural properties of the native tissue, i.e. scaffolds for
cartilage tissue engineering should be able to withstand the forces felt
at load bearing surfaces whereas scaffolds for muscle tissue engineering
should be able to flex and stretch. Similarly the source of cells needs to
be tissue matched, i.e. cartilage cells (chondrocytes) for cartilage. Stem
cells, both adult and embryonic are also being investigated for their use
in tissue-engineering protocols.

Clinical need for tissue engineering

Current gold standards for the repair of bone, cartilage and skeletal
muscle entail intense surgical processes for reparative or replacement
therapy. Perhaps the area most suitable for tissue engineering is that of
bone and cartilage defects. Current therapies which are utilized today
for cartilage defects include autologous chondrocyte implantation
(ACI),* osteochondral autografts’ and allografts® and in extreme cases
total joint replacement.

The current gold standard for cell based repair of articular cartilage
is implantation of autologous chondrocytes in the site of cartilage
damage. Treatment using this method requires keyhole surgery to
remove several slivers of undamaged cartilage from a non-load bearing
region, cells are extracted from the tissue and expanded in vitro. The
cartilage defect is debrided and a patch of periosteum is stitched over
the defect to provide a cell source and a cover for the cell suspension,
which is injected under the patch. The repair will typically produce a
new tissue to fill the defect, with function restored in ~82% of patients
at 2 years.” There have been many modifications to this procedure,
although the periosteum helps with the repair process other materials
have been used such as hyaluronic acid sponges to fill the defect and
provide shielding and support the cells, this procedure unlike artificial
knee replacements which degenerate over time actually may regenerate
over time. The process of in vitro expansion has been commercialized
with companies such as Genzyme providing services to expand auto-
logous chondrocytes (Carticel®).
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Complications relating to AClIs are rare however from the American
patient registry’s 6286 patients, 5.8% reported side effects or adverse
events. The most frequent of these, with an incidence of 1.6% was that
of adhesions or fibroarthrosis, complete treatment failure accounted
for 1.3%, with hypertrophic changes to the implant site at 1.1%.
Of all patients, 4.8% reported reoperations following autologous
chondrocytes implantation (Washington State Department of Labour
and Industries, 2002). However, a report by Minas (1999) states that
26/70 patients (37%) reported complications, which required surgical
intervention. This was primarily due to the loss of full motion in
the affected joint followed by pain accompanied by effusion due to
hypertrophic changes at the site of implantation. A failure rate of 5/70
(7%) was also reported, however, only two were due to the implan-
tation, with the others being a result of trauma during the recovery
period.®

In comparison the main treatments for non-union bone defects are
autograft and allografts, distraction osteogenesis and implantation of
strengthening devices. Bone autografts are the only graft material
that has osteogenic, osteoinductive and osteoconductive properties
thus making for a highly effective form of non-union treatment.” In
addition to autografts and allografts bone graft substitutes can be
used to promote the ability of non-union defects to fuse, however
many of these products are not widely used due to lack of knowl-
edge on their efficacy for bone healing.'® This leaves the current
gold standard as the iliac crest autologous graft. This process
involves the removal of bone segments from either the posterior or
anterior iliac crest with osteotomes and gouges. The bone segments
collected contain both compact dense cortical bone and trabecullar
bone. Due to the properties of autografts, upon transplantation into
a non-union defect, new bone is formed allowing fusion of the bone.
Although this technique is the standard for non-unions there are
multiple complications associated with it. These include reported
cases of arterial lacerations (superior gluteal, fourth lumbar, ilio-
lumbar and deep iliac circumflex arteries),'! enterocutaneous fistula'?
and arteriovenous fistula'® and femoral cutaneous nerve injury.'* In
addition to this post-operative pelvic instability,'® persistent pain has
been reported. Another study reported that out of a cohort of 192,
2.4% of patients had major complications, 21.8% had minor com-
plications and 37.9% of patients reported pain from the graft site 6
months post-operation.'®

Although these techniques have efficacy in retaining the structure and
function of the relevant tissue the surgical manipulation involved in
each can cause its own intrinsic problems. These complications are tes-
tament that current gold standard therapies for musculoskeletal repair
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have unavoidable side effects, which can have an impact on the
patient’s ability to make a full recovery from surgery. Tissue engineering
could be a technique that would allow the production of functional
tissue without the need for grafting. This technique would involve pro-
duction of a scaffold from a biodegradable structure, which could be
seeded with cells and/or growth factors to promote tissue regeneration.
The source of cells for this technique may be either primary or stem
cell populations, including both adult and embryonic sources.

Sources of cells for tissue-engineering strategies

Primary cells

The production of an engineered tissue in vitro requires the use of
cells to populate a scaffold and produce matrix resembling that of
the native tissue. The main successes in this field have come from
the use of primary cells, taken from the patient and used, in con-
junction with scaffolds to produce tissue for re-implantation.
However this strategy has limitations, mainly the invasive nature of
cell collection and the potential for cells to be in a diseased state.
Due to this much attention has been focused on the use of stem cells
for tissue-engineering protocols. These include embryonic stem (ES)
cells, bone marrow mesenchymal stem cells (MSCs) and umbilical
cord derived MSCs.

The use of autologous cells from the individuals’ tissue has shown promise
in the field of tissue engineering with perhaps the largest breakthrough
coming from this source. Atala et al.'” have utilized cells from bladder biop-
sies seeded onto collagen scaffolds to treat patients with end-stage bladder
disease. Further investigations are being carried out in animal models using
autologous cells for musculoskeletal tissue engineering such as skeletal
muscle repair using myoblasts'® and tendon repair using tenocytes."”

The use of cells from this source would involve the removal of tissue
from the individual, an in wvitro isolation and expansion before re
implantation to the site of intervention. Although from an immunologi-
cal stance the replacement of tissue with autologous cells is an ideal situ-
ation there are problems associated with this method. Firstly, the harvest
of tissue to allow cell production requires surgical intervention which
would be on par with the grafting processes described previously. This
has the potential to cause pain and discomfort at a distant graft site. In
addition to this some cell populations from primary sources have a low
propensity for division thus the expansion of such cells may prove
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problematic. This is sometimes compounded with cellular senescence —
a phenomenon when primary cells cease cellular division, usually
caused by a shortening of telomere length. Although these limitations do
exist autologous, cell-based therapy is used for tissue repair for the treat-
ment of cartilage defects and skin burns. These limitations have made
the search for cell populations, which can be expanded in culture before
implantation, of the utmost importance. Perhaps hope can be drawn
from the level of research being carried out on stem cell populations,
which would potentially overcome some of the drawbacks of autologous
primary cells.

Bone marrow derived mesenchymal stem cells

Adult stem cells from autologous sources perhaps provide the greatest
hope for tissue engineering. These cells provide all of the benefits that a
primary cell does, however have the ability to undergo multi-lineage
differentiation and a higher propensity for cell division. These cells can be
isolated from bone marrow (stromal cells) and purified to a generic
marrow cell population. Bone Marrow MSCs have been shown to be able
to differentiate into the osteogenic,”® myogenic,?! chondrogenic** and
neurogenic>® lineages. In addition, these cells have already been used to
augment the repair of bone.** The MSC cell population can be isolated as
adherent bone marrow colony forming units — fibroblastic (CFU-F).*’

MSCs can be purified from the complex mixture of cell subsets,
found in bone marrow, to a more defined starting cell population
through the use of antibodies, which recognize specific markers on the
surface of stem cell populations. Cells can be sorted on the basis of
epitope expression such as Endoglin®® and STRO-1%" antibody selec-
tion procedures. A possible clinical application for these cells is to
enhance materials such as the filler used for stabilizing artificial hip
joints or for joining critical sized defects in bone that would not other-
wise heal.?® In addition this cell type can be transplanted in an undif-
ferentiated state and in most cases will assume the phenotype of the
neighbouring cells, this has already been shown with tissues such as
skeletal muscle?” and bone. A potential drawback of this cell type is its
propensity to loose differentiating potential with age® thus an attempt
to find novel populations of adult stem cells is underway.

Cord-derived mesenchymal stem cells

Since the discovery that umbilical cord blood contains MSCs, which
can undergo multi-lineage differentiation, much research has been

12
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focused on determining their applications. The analysis of their gene
expression profile reveals similarities to bone marrow MSCs,*! with an
ability to differentiate into chondrocytes, osteoblasts,>* hepatocytes®’
and neuronal like cells.**

Indeed if this type of stem cell does function as the classical bone
marrow MSC it would greatly improve the availability of matched
tissues for treatments. With 669 531 births in 2006 in the UK alone
(Office for National Statistics) this source of stem cells would provide
a large pool of material, which could be purified using non-invasive
techniques and could be recipient matched.

Embryonic stem cells

ES cells have the ability to be maintained for long (theoretically indefi-
nite) culture periods, therefore, potentially providing large amounts of
cells for tissues that could not be derived directly from a tissue source.
Proof of the true pluripotent nature of ES cells is teratoma formation.
This property demonstrates the ability of stem cells to tissue engineer
multiple tissue types but also highlights the importance of using a term-
inally differentiated cell stock without latent cells with ES cell like
properties. This scenario would cause unchecked tissue growth. The
use of stem cells will therefore require a method to ensure differen-
tiation, either by demonstration of selection of only non-stem cells or
removal of all stem cells®® and by in vivo demonstration of an absence
of teratoma formation.

One of the critical steps of stem cell usage for regenerative medicine is
therefore the ability to control the differentiation of the cells to
the desired tissue lineages. ES cells have been shown to have the
propensity to differentiate into lineages of the musculoskeletal system.
Differentiation into osteoblasts,*® and chondrocytes®” have previously
been demonstrated.

Scaffold materials for use in musculoskeletal
tissue engineering

Materials used for tissue-engineering processes require properties
similar to the tissue being reproduced. Furthermore the ability to be
biocompatible preferably actively integrating and inducing the for-
mation of the appropriate tissue are strong considerations. When con-
sidering bone tissue engineering the primary source would typically be
morcilized autologous bone taken from the same patient as it would
inevitably be a good match for the patient, however, the site from
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which it is recovered has to be able to sustain the loss and provide
appropriate volume and shape of material, e.g. — illiac crest from the
pelvis for volume and split ribs for longer structural pieces. The use of
autologous material has the drawback that there would be the need for
a secondary operation site, increasing the complexity, time and pain of
surgery. To reduce the need for second operations a range of alterna-
tives has been developed such as ‘off-the-shelf’ allogenic or xenogenic
de-cellularized bone material that has been extensively processed and
treated to sterilize and remove potential immunogens and pathogens.

Bone material alternatives include synthetic minerals, Bioglass®
(a calcium and phosphate containing silica glass),*® coral like materials
(calcium carbonates), tricalcium phosphates (BTCP) and hydroxyapa-
tite (HA). HA and TCP are often combined to take advantage of the
differing properties of the two materials as HA takes longer to inte-
grate but is more strongly osteo-inductive whereas TCP is quicker to
degrade (dependant upon the specifics of usage) therefore combinations
of the two materials allows good integration and enhanced remodel-
ling. These materials are formatted typically into granules as a filler
material or shapeable/shaped blocks for larger defects. These materials
can also be combined with aspirates of bone marrow, which contain
cell populations able to enhance bone growth. To enhance repair using
bone marrow aspirates, a ceramic material-based system has been
developed specifically to adhere osteoprogenitor cells through selective
retention and enriched osteogenic cell population (DePuy, Cellect).
Where a mouldable ceramic is required, a range of cements has been
developed typically calcium phosphates, carbonates and or sulphates
combined with setting and handling agents, setting without raising
the temperature and generating fewer bubbles to reduce mechanical
instabilities.

The use of bioabsorbable polymeric scaffolds is being investigated for
use in bone tissue engineering as their properties can be tailored to
allow them to dissolve and integrate at optimal rates so the bone
re-modelling process is able to complete. Where integration and persist-
ence of implants is an issue, a range of supports and pins has been pro-
duced from biodegradable polymeric materials. These implants and
many of the polymers used for tissue engineering have been derived
from biodegradable suture development and drug delivery devices and
are FDA approved for specific usage.>” Polymers can be processed/for-
matted using a variety of techniques based upon melting, dissolving
and polymerization, therefore can be shaped into a large range of struc-
tural architectures. Polymers used primarily include the poly hydroxyl
acids; poly lactic acid (PLA), polyglycolic acid (PGA) and the
co-polymer poly lactic co glycolic acid (PLGA). Both lactic acid and
glycolic acid can be dealt with by the body’s metabolism, and by

14
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adjusting molecular weight, ratios and block design of monomers the
rate of degradation can be profiled. Degradation occurs through the
entire polymer structure as the process is not enzyme limited but
degrades by hydrolysis. A further advantage of using materials that
were designed for drug delivery is the ability to incorporate controlled
growth factor release from the cell support matrices and the ability to
produce different release profiles of different growth factors from the
same material.*® Controlled release of different growth factors from
polymeric scaffolds is advantageous as the event associated with bone
mineral maturation is the invasion with blood vessels, therefore both
vascular endothelial growth factor and bone morphogenic protein-2
have been incorporated into PLA scaffolds to provide a controlled
release of signals which can initiate vascularization and osteogenesis.*”

The combination of ceramics and polymers into composite scaffold
matrices can provide advantages over those produced from neat
ceramic or polymer in many situations. Enhanced compressive strength
and stiffness of polymers can be achieved with addition of ceramics,
while the resultant construct still retains the ability to easily incorpor-
ate and release bio-molecules. Composites can also allow simpler scaf-
fold manufacture and be designed to more closely mimic the physical
properties of the tissues with the desired degradation profile (for a
review of composite materials see Rezwan et al.*').

Degradable polymer custom designed implants can be produced for
individual patients via custom 3D printing techniques using surface
selective laser sintering (SSLS) of PLA particles (Fig. 2). This allows a
custom scaffold to be built from computed 3D information derived
from patient scans and computer simulations of the components
needed for a successful operation.** The process is similar to rapid pro-
totyping procedures whereby layers of small particles are selectively
sintered using a directed laser; these fused particles are further layered
and sintered until several hundred layers have been bonded together
producing the individual scaffold in the desired shape.

Cartilage repair requires different structural properties of bone and
increasingly repair of cartilage defects are being performed using bio-
logically based treatments as opposed to debridement, or in severe
cases total knee replacement. Increasingly popular treatments for focal
defects are mosaicplasty and the ACI technique* where a sample of car-
tilage is cultured to supply a large number of cells to fill a defect. If a
support material is used for repair they tend to be flexible materials
that can withstand compression while providing a supporting environ-
ment for chondrocytes. For cartilage repair hyaluronic acid and col-
lagen scaffold supports have been used, these materials are able to
integrate into the cartilage material and are already components of
mature hyaline cartilage. Delivery of chondrocytes can also be
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Fig. 2 Use of the SSLS scaffold manufacturing procedure to produce custom scaffold
shapes. Jaw structure (A) and skull structure (B) produced from corresponding MRI scan.
Figure kindly provided by Dr V. K. Popoy, Institute of Laser and Information Technologies,
Russian Academy of Sciences.

performed using a range of gels including alginate, collagen and even
synthetic self-gelling peptides.*® As articular cartilage is composed of a
matrix of collagen fibrils containing proteoglycan a combined
approach has also been proposed, using a woven fibrous PGA material
containing an agarose/fibrin gel support to more closely replicate the
mechanical composition of native hyaline cartilage.**

Another important property for certain scaffolds, especially those for
muscle tissue engineering, is flexibility. Flexible scaffolds are also
needed, as this tissue requires movement as a fundamental part of its
mode of action. To address this issue, modification of a flexible
polymer Poly (1,8-octanediol-co-citric acid) to make it more suitable
for culture of muscle cells has been made.*> Further research is
ongoing to assess the efficacy of other scaffold types such as glass
fibres*® for muscle tissue engineering.

The materials introduced here are only a few key examples, however,
as polymers can be designed to have a wide range of properties and are
easily modified to incorporate different moieties and growth factors,
therefore there are many more in development. As there are many
polymers of potential use for clinical situations some groups have set
out to examine the influence of series of novel polymers on cell pheno-
type*” to isolate particular characteristics of polymers. There is also
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considerable interest in the properties and use of metal foams and com-
posites of mineral and polymer as they are able to combine a range of
qualities.

Current clinical studies for musculoskeletal repair

Presently a substantial amount of research is being undertaken to
investigate the efficiency of scaffold and cell/growth factor combi-
nations to support tissue growth in an iz vivo system. This is usually in
an animal model, however, certain techniques have already made it to
restricted clinical trials, with most documented cases being concerned
with the repair of bone and cartilage. Perhaps one of the first reports
of tissue engineered bone implantation in humans was in 2001 when
Quarto et al. utilized a HA scaffold system, seeded with bone marrow
stromal cells for the repair of non-union bone defects. This was trialled
in patients that had not responded to other surgical interventions. All
patients displayed a recovery in bone function between 6 and 12
months post-operation. Good integration of the graft was also dis-
played, with no apparent adverse side effects.*® The follow-up to this
study investigated the bone repair of the aforementioned patients at 6—
7 years post-operation, good implant integration was observed, one of
which is shown in Figure 3.*° This pilot study proved what had already
been investigated in large animal models — that implants could be used
in place of conventional bone grafting for tissue repair. More recently
this technique was used, along with autologous MSCs - differentiated
to the osteoblast lineage on HA scaffolds, to fill bone voids following
tumour curettage.’’

Similar results have been seen when scaffolds seeded with bone
marrow MSCs are used for reconstruction of articular cartilage. A 2 year
study using autologous chondrocytes embedded in a three-dimensional
(3D) bioresorbable two-component gel-polymer scaffold (BioSeed-C)
for the treatment of post-traumatic and osteoarthritic defects.’ Clinical
outcome scores demonstrated an improvement in overall knee related
quality. Similar results were found when using a hyaluronan-based scaf-
fold seeded with autologous chondrocytes for the treatment of deep
chondral lesions.>* In addition to the use of autologous chondrocytes, a
recent study has investigated the use of autologous bone marrow stromal
cells in conjunction with collagen scaffolds for the repair of a full-
thickness articular cartilage defect in the medial femoral condyle.’® In
this study bone marrow stromal cells were expanded in culture and
embedded within a collagen gel, which was subsequently implanted to
the large articular cartilage defect and covered with an autologous peri-
osteal flap. This resulted in the defect being filled with hyaline-like
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6 months 2.5 years

Fig. 3 Repair of non-union bone defects using hydroxyapatite scaffolds associated with
bone marrow stromal cells. As seen on the pre-operative radiograph a 4 cm gap is observed
in the proximal tibia. Following implantation of the scaffold/cell structure bone callus for-
mation is evident; this further progressed at 6 months with bone-implant integration
evident. Complete bone-implant integration was observed at 2.5 years post-operation. CT
scans at 7 years showed the complete healing of the non-union with the presence of a
medullary channel and new bone within the HA scaffold pores (HA scaffold still present
7 years post-operation). Figure kindly provided by Dr E. Kon, Istituti Ortopedici Rizzoli,
Bologna, Italy. This figure was published in Tissue Engineering, Volume 13, 2007*® by Mary
Ann Liebert, Inc., Publishers.

cartilage and a concordant improvement in clinical symptoms after 7
months (Fig. 4). This indicates that autologous bone-marrow stromal
cells can also be utilized for the repair of cartilage defects.

Repair of other tissues of the musculoskeletal system is still at the
pre-clinical, animal model stage. Tendon repair has been shown in a
porcine model using autologous dermal fibroblasts and tenocytes.>* In
addition, skeletal muscle repair has been shown to occur in a murine
model when murine satellite cells are implanted along with a scaffold
structure to skeletal muscle defects.””

In addition, various products for the treatment of musculoskeletal
defects have been approved for clinical trials/use. One such product,
Matrix-Induced Autologous Chondrocyte Implantation (MACI®), from
Genzyme Biosurgery utilizes autologous chondrocytes, which are
seeded onto collagen membranes; these are then implanted to the site

18
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Summary

Fig. 4 Treatment of a full-thickness articular cartilage defect with autologous bone-marrow
stromal cells embedded within a collagen gel. Magnetic resonance images before (A) and
1 year after surgery (B). Arthroscopic findings before (C) and 7 months after surgery (D). A
20 x 30-mm full-thickness cartilage defect is apparent within the weight-bearing area of
the medial femoral condyle. The repaired defect is completely covered with tissue, which is
a little softer than the surrounding articular cartilage. Figures kindly provided by Dr
R. Kuroda, Department of Orthopaedic Surgery, Kobe University Graduate School of
Medicine, Japan. This figure was published in Osteoarthritis and Cartilage, Volume 15,
2007°2. Copyright Elsevier 2007.

of cartilage defect. This particular product is approved for use in
Europe and Australia. An example of a product currently in clinical
trials is Chondrogen™ from Osiris Therapeutics, which combines allo-
genic bone marrow MSCs suspended in hyaluronic acid for meniscal
fibrocartilage regeneration. Although these products are in use or in
clinical trials there are many others at similar stages of development.

Since the inception of the field of tissue engineering much excitement
has been displayed with respect to the possible clinical applications
that this field could be applied to. Of course the field is in its relative
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infancy, however much has been discovered with respect to scaffold
manufacture and modification along with the ongoing research into
stem and primary cell populations. However, further hurdles must be
overcome before tissue engineering becomes a common practice.
Investigations into possible immune reactions, stem cell differentiation,
growth factor incorporation and scaffold design will ultimately lead us
to the knowledge required to construct living tissue implants. This—
albeit the holy grail of the tissue-engineering field—would mark a revo-
lutionary point in the world of regenerative medicine.
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