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MESENCHYMAL CELL-BASED REPAIR OF CONNECTIVE TISSUE DEFECTS:
APPLICATION OF TRANSFORMING GROWTH FACTOR-ß

SUPERFAMILY MEMBERS AND BIODEGRADABLE POLYMER SCAFFOLDS

Abstract

Mesenchymal stem cells are characterized by their
ability to differentiate into multiple differentiated cellular
phenotypes, including connective tissue cells, such as os-
teoblasts and chondrocytes.  The pluripotent nature of
these progenitor cells is consistent with their involvement
in developmental and biological repair processes, such as
embryonic skeletal formation and fracture healing.
Experimental analyses of mesenchymal stem cells have made
use of both primary cells as well as clonal cell lines derived
from bone marrow, muscle, and other tissue sources.  The
commitment and differentiation of mesenchymal cells is
regulated in vivo and in vitro by complex effectors, most
notably, members of the transforming growth factor-ß
(TGF-ß) superfamily.  Specifically, several members of the
TGF-ß superfamily induce osteo- and chondro-
differentiation of mesenchymal stem cells.  This review
summarizes recent studies which explore the application of
mesenchymal cells as a source of bone and cartilage-forming
cells, upon seeding within resorbable polymeric scaffolds
in the presence of bioactive growth factors.  Such cell-
polymer-growth factor composites may be fabricated for use
as templates for the engineering and repair of bone and
cartilage tissues.
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Introduction

Mesenchymal stem cells are pluripotent progenitor
cells which give rise to a variety of specialized connective
tissue cell types including chondrocytes, osteoblasts,
adipocytes and myocytes (Caplan, 1991).  The functional
role of mesenchymal stem cells in bone and cartilage for-
mation is the primary focus of this review.  The biology of
mesenchymal cells within the context of embryonic skeletal
development and fracture repair is presented, as well as a
historical review of the various primary mesenchymal stem
cell populations and multipotential clonal cell lines.  The
regulation of these cells by potent bioactive factors,
specifically, members of the transforming growth factor
(TGF-ß) gene superfamily, is also discussed.  In the
concluding section, the application of mesenchymal cells
to connective tissue engineering is addressed.  Specific
topics include the use of biodegradable polymers as delivery
vehicles for bioactive agents and as cellular substrates for
the promotion of bone and cartilage tissue repair.

Mesenchymal Stem Cells in Embryonic
Skeletal Development and Fracture Repair

Skeletal formation in the vertebrate embryo involves
two distinct developmental processes, endochondral ossi-
fication and intramembranous bone formation.  The endo-
chondral pathway, which occurs primarily in the long bones,
vertebral bodies, and pelvic bones, is characterized by bone
formation via a cartilaginous intermediate or template (see
Fig. 1; Reddi, 1981; Rosen and Thies, 1992; Erlebacher et
al., 1995; Gilbert, 1997).  The cascade begins with the
proliferation of undifferentiated mesenchymal cells which
migrate to specific sites in the embryo.  The cells condense
into closely-packed aggregates and deposit copious
amounts of cartilaginous matrix components, such as type
II collagen and aggrecan.  Layers of fibroblast-like cells then
form a sheath around each of the cartilage nodules; this
sheath, the perichondrium, separates the anlagen from the
surrounding tissue.  The chondrocytes in the center of the
cartilage proliferate, mature, and eventually become
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Figure 1.  Diagrammatic representation of the endochondral ossification sequence.  Endochondral bone formation in the
vertebrate embryo occurs via a spatially and temporally regulated developmental program involving mesenchymal differ-
entiation into a cartilage intermediate prior to the final bony element.
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hypertrophic as vasculature begins to penetrate the region,
and the matrix becomes mineralized.  As the hypertrophic
chondrocytes start to undergo programmed cell death, the
cartilaginous matrix is degraded by invading cells.  Osteo-
progenitor cells, likely originating from either the per-
ichondrium or the invading blood vessels, differentiate into
osteoblasts and secrete new bone matrix.  Eventually, bone
tissue is formed complete with a marrow cavity, an inner
core, and an outer periosteal layer.

Intramembranous bone formation, on the other hand,
occurs predominantly in the craniofacial flat bones and
involves the direct conversion of mesenchymal cells to
osteoblasts (Reddi, 1981; Erlebacher et al., 1995; Gilbert,
1997).  Progenitor cells migrate to designated sites in the
embryo, condense, and differentiate into osteoblasts which
deposit bone matrix.

The events observed in embryonic skeletal develop-
ment are recapitulated in adult animals during the fracture
repair processes.  The repair of outer bone tissue occurs
by a mechanism resembling intramembranous bone
formation (Sevitt, 1981; Rosen and Thies, 1992).
Osteoprogenitor cells in the periosteum proliferate, undergo
osteodifferentiation, and secrete matrix materials that bridge
the gap at the cortical surface of the bone.  The central core
of bone is repaired in a series of events analogous to
endochondral ossification (Sevitt, 1981; Rosen and Thies,
1992).  Mesenchymal cells migrate into a fracture site and
undergo chondrogenic differentiation, soon followed by
calcification of the cartilaginous matrix, osteodifferentiation,
and bone and marrow formation.  These mesenchymal cells
thus possess stem cell characteristics, i.e., the ability to give
rise to multiple mesenchymal cell lineages (see reviews by
Bruder et al., 1994 and Prockop, 1997).  The origin and dis-
tribution of these precursor cells is described in the next
section.

Primary Mesenchymal Stem Cell Populations

In adult animals, mesenchymal stem cells have been
shown to exist in a number of tissues, with bone marrow
serving as perhaps the most abundant reservoir of these
progenitor cells.  A variety of transplantation and diffusion
chamber experiments have established the existence of a
self-renewing population of mesenchymal stem cells within
bone marrow stroma.  This was first demonstrated by
Friedenstein and co-workers in experiments in which bone
marrow was transplanted under the renal capsule in mice
(Friedenstein et al., 1968).  After a period of forty days, bone
tissue containing marrow had formed, indicating the
presence of osteogenic precursor cells in bone marrow
stroma.  Subsequently, he and others, most notably Owen
and colleagues (Ashton et al., 1980, 1984; Bab et al., 1986;
Owen, 1988), demonstrated in vivo that marrow explants

implanted either in diffusion chambers or subcutaneously
in rabbits gave rise to bone and cartilage, as well as adipose
and fibrous tissue.  Direct in vitro evidence of marrow-de-
rived osteoprogenitor cells was also reported, as fibroblast-
like cells isolated from marrow suspensions were shown to
form bone nodules after two weeks in culture (Howlett et
al., 1986; Maniatopoulos et al., 1988).

Similar experiments confirmed that mesenchymal
stem cells reside in the periosteum.  In a classic study by
Dame Honor Fell, periosteal explants from the limb bones
of embryonic fowl exhibited cartilage nodule and osteoid
tissue formation when cultured in vitro (Fell, 1932), proving
that mesenchymal stem cells exist in the periosteum.
Subsequent in vivo studies in which periosteal grafts were
implanted in a variety of anatomical sites in rodents
including the anterior eye chamber (Urist and Mclean, 1952)
and under the renal capsule (Cohen and Lacroix, 1955)
corroborated Fell’s earlier findings.  An extension of this
earlier work using periosteal grafts explanted into diffusion
chambers and inserted subcutaneously into rodents also
resulted in bone and cartilage formation (Rosin et al., 1963).
More recent and convincing in vitro evidence by
Tenenbaum and associates showed that periosteal tissue
cultured in the presence of ß-glycerophosphate formed
mineralized osteoid tissue which appeared virtually identical
to bone formed in vivo (Tenenbaum and Heersche, 1982,
1986).  Caplan and co-workers further demonstrated the
pluripotent nature of periosteum-derived cells using
subcultured cell populations.  When seeded into diffusion
chambers and implanted intraperitoneally in mice, these cells
gave rise to cartilage after just four days, which was
eventually replaced by bone from between 2 to 4 weeks
(Nakahara et al., 1990a,b).

In addition to bone marrow and periosteum, another
important source of mesenchymal stem cells is muscle tis-
sue.  The pioneering work of Marshall Urist (Urist, 1965)
showed that intramuscular implantation of demineralized
bone matrix (DBM) in rodents induced ectopic bone
formation.  This indicated not only that mesenchymal cells
exist within muscle, but that bioactive factors capable of
affecting osteo-chondrogenic differentiation are present in
bone matrix.  These findings were confirmed in later studies
by Urist and colleagues (Nogami and Urist, 1970, 1974;
Terashima and Urist, 1977) and by Reddi and co-workers
(Sampath et al., 1984), wherein minced muscle tissue grown
on a substratum consisting of cross-hatched hemicylinders
of HCl-demineralized diaphyseal bone produced cartilage
tissue after 7 days.  Recent work in our laboratory, which
supports the previous findings, has shown the formation
of ectopic cartilage in poly-L-lysine injected muscle grafts
(Tuan et al., 1991) and in micromass cultures derived from
mixed bone- or muscle-derived cells and limb bud
mesenchymal cells (Stringa and Tuan, 1996; Tuan et al.,
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1996).  Interestingly, subcutaneous implantation of DBM
into soft connective tissue has also been reported to
stimulate ectopic cartilage and bone formation in a manner
similar to that observed in muscle tissue (Reddi and
Huggins, 1972; Urist et al., 1983), suggesting that
mesenchymal stem cells in several connective tissues may
be converted into specialized cell types by exogenous
inducing agents.

Mesodermal cells of the embryonic limb bud have
also been shown to possess multiple differentiation po-
tentials.  This is to be expected since limb bud mesenchyme
are destined to form cartilage tissue which serves as a
template for long bone formation in the developing embryo.
Embryonic chick limb bud cells are the most extensively
studied of these mesodermal cells, and have been shown
to possess myogenic as well as osteogenic and
chondrogenic potential.  The classic work by Fell first
demonstrated that embryonic chick limbs give rise to bone
and cartilage tissue in organ culture (Fell, 1925).  Later
studies by Searls and co-workers showed that limb bud
mesenchymal cells are also capable of differentiating into
muscle, and further demonstrated that the multipotential
behavior of limb bud mesenchymal cells depends upon the
developmental stage of the embryo, with mesenchyme from
embryos after stage 24 no longer capable of differentiating
into both muscle and cartilage tissue (Searls, 1965; Searls
and Janners, 1969).  Expanding on this earlier work, Caplan
and colleagues illustrated that several factors, in addition
to the maturation stage of the embryo, influence the
differentiated phenotype of chick limb bud cells (Caplan,
1970, 1977; Caplan and Koutroupas, 1973; Osdoby and
Caplan, 1979).  These include (1) vascularization, (2) oxygen
tension, and (3) initial cell plating density.  In particular, it
was established that high cell density and low oxygen
tension promote the cartilage phenotype.  Related studies
by the late Michael Solursh and associates using both chick
and mouse limb bud mesenchyme introduced a novel high
density cell culturing technique referred to as micromass
culture, which confirmed the role of high cell density in
cartilage induction (Ahrens et al., 1977; Owens and Solursh,
1981).  More recent work performed in our laboratory
demonstrated the requirement of high cell density (San
Antonio and Tuan, 1986), calcium-mediated cell-cell
interactions (Oberlender and Tuan, 1994), and specific cell-
matrix interactions (Gehris et al., 1996, 1997) for optimal
chondrogenesis in embryonic chick limb bud mesenchymal
cells.

Multipotential Clonal Cell Lines

Along with the various primary mesenchymal stem
cell populations, a number of stable, multipotential clonal
cell lines have been established from connective tissues,

providing further in vitro evidence for the existence of
pluripotent mesenchymal cells.  Of these, the fibroblast-like
C3H10T1/2 Clone 8 cell line is the most extensively studied.
Originally established from early mouse embryos, C3H10T1/
2 cells were first identified based on their sensitivity to
density-dependent growth inhibition (Reznikoff et al., 1973).
Subsequent studies have shown that 10T1/2 cells express
multiple phenotypes when treated with 5-azacytidine, a
nucleoside analog of cytidine (Constantinides et al., 1977;
Taylor and Jones, 1979; Konieczny and Emerson, 1984).
Specifically, the formation of striated muscle cells,
adipocytes, and chondrocytes has been reported, although
the chondrocyte phenotype was infrequently expressed
(Taylor and Jones, 1979; Konieczny and Emerson, 1984).

Another multipotential clonal cell population, RCJ
3.1, was isolated from 21-day fetal rat calvaria by limiting
dilution cloning (Grigoriadis et al., 1988, 1990; Aubin et al.,
1993).  When cultured under conditions that favor bone
formation, i.e., in the presence of ascorbic acid and ß-
glycerophosphate, and with the synthetic glucocorticoid
dexamethasone, these cells differentiate in a time-dependent
manner into multinucleated muscle cells, adipocytes,
chondrocytes and osteoblasts.  Interestingly, RCJ 3.1 cells
do not respond to 5-azacytidine treatment in the same
manner as C3H1OT1/2 cells, indicative of the complex,
heterogeneous nature of multipotential mesenchymal cells.
Neonatal rat calvarium is also the source of ROB-C26 cells,
a clonal osteoblastic cell line which exhibits a markedly
different capacity to differentiate along the various
specialized connective tissue pathways (Yamaguchi and
Kahn, 1991; Yamaguchi, 1995).  For example, monolayer
cultures express an osteoblastic phenotype, whereas
myotube formation is observed in confluent cultures and
adipocytes are formed with dexamethasone treatment.

Recently, two less characterized clonal cell lines have
been described with pluripotent activity.  W-20-17 is a bone
marrow stromal cell line isolated from a mouse strain that
expresses the osteoblastic phenotype when exposed to
bone growth factors (see Table 1; Thies et al., 1992).  RMD-
1, a cell line derived from the skeletal muscle of a 20-day
fetal rat, also undergoes chondrogenic differentiation when
cultured with similar growth factors in agarose gels, but
when left untreated, displays an undifferentiated
mesenchymal cell-type morphology (Aikawa et al., 1996).

Transforming Growth Factor-ß Gene Superfamily:
Effectors of Mesenchymal Cell

Commitment and Differentiation

A variety of factors have been shown to modulate
the commitment and differentiation of mesenchymal cells,
including epithelial-mesenchymal interactions (Kosher and
Church, 1975; Lash and Vasan, 1978; for review, see Hay,
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Table 1.  Regulation of cell differentiation in primary and clonal lines of mesenchymal stem cells by TGF-ß superfamily
members.
-------------------------------------------------------------------------------------------------------------------------------------------------------------------
Mesenchymal TGF-β Family Induced Phenotype - Reference
Cell Type Member Biological Marker(s)

Bone Marrow BMP-2 Osteoblast - ALP, OP, OC Rickard et al., 1994
Stromal BMP-3 Osteoblast - ALP Vukicevic et al., 1989
Periosteum- BMP-3 Osteoblast - ALP, PTH, Type I Col Vukicevic et al., 1989
Derived TGF-β1 Chondrocyte - Type II Col Izumi et al., 1992

TGF-β1 Chondrocyte - PG, Type II Col Iwasaki et al., 1993
Chick Limb Bud BMP-2 Chondrocyte - Alcian Duprez et al., 1996

BMP-2 Chondrocyte - 35SO
4
, Alcian, N-cad Tyndall and Tuan, 1994, 1996

BMP-3 Chondrocyte - 35SO
4
, Alcian, Type II Col Carrington et al., 1991

BMP-4 Chondrocyte - 35SO
4
, Alcian, Type II Col Chen et al., 1991

TGF-β1 Chondrocyte - Alcian Leonard et al., 1991

TGF-β1 Chondrocyte - PG, 35SO
4
, Alcian, Type II Col Kulyk et al., 1989

TGF-β1 Chondrocyte - 35SO
4
, Alcian, N-cad Tyndall and Tuan, 1994, 1996

TGF-β2 Chondrocyte - PG, 35SO
4
, Alcian, Type II Col Kulyk et al., 1989

TGF-β3 Chondrocyte - 35SO
4
, Alcian Roark and Greer, 1994

Mouse Limb Bud BMP-2 Chondrocyte - PG, 35SO
4
, Alcian, Type II Col Rosen et al., 1994

Osteoblast -  ALP, PTH, BGP
TGF-β1 Chondrocyte - PG, LP, Type II Col Chimal-Monroy and

TGF-β2 Chondrocyte - PG, LP, Type II Col De Leon, 1997

TGF-β3 Chondrocyte - PG, LP, Type II Col

ROB-C26 BMP-2 Osteoblast -  ALP, PTH, OC Yamaguchi et al., 1991b
BMP-6 Osteoblast -  ALP Gitelman et al., 1995

W - 20 -17 BMP-2 Osteoblast -  ALP, PTH, OC Thies et al., 1992
RMD - 1 BMP-2 Chondrocyte - PG, 35SO

4
, Toluidine, Aikawa et al., 1996

Types II & IX Col

C3H10T1/2 BMP-2 Osteoblast - ALP, PTH Katagiri et al., 1990
Clone 8 BMP-2 Osteoblast - ALP, BGP Wang et al., 1993

Chondrocyte - Alcian, Type II Col
Adipocyte - Oil Red O, ICN

BMP-2 Chondrocyte - 35SO
4
, Alcian, Type II Col Denker et al., 1994a,b, 1995b

BMP-7 Osteoblast - ALP Asahina et al., 1996
Chondrocyte - Alcian
Adipocyte - Oil Red O, GPDH

TGF-β1 Chondrocyte - 35SO
4
, Alcian, Type II Col Denker et al., 1995a

-------------------------------------------------------------------------------------------------------------------------------------------------------------------
ALP: alkaline phosphatase activity;  PTH: cAMP response to parathyroid hormone; OC: osteocalcin expression; OP: osteo-
pontin expression; Col: collagen; BGP: bone Gla protein expression; PG: cartilage proteoglycan expression; LP: link protein
expression; N-cad: N-cadherin expression; Alcian: Alcian blue staining foci/nodules; Toluidine: toluidine blue staining foci/
nodules; 35SO

4
: sulfate incorporation; Oil Red O: Oil Red O staining deposits; ICN: insulin-regulatable glucose transporter;

GPDH: glycerophosphate dehydrogenase activity.
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1981), oncogene expression (e.g., Ras) (Lu et al., 1992) and
growth factors.  Members of the TGF-ß family of growth
factors have been identified as key regulators of
mesenchymal cell maturation.  The TGF-ß family is
composed of several closely related proteins termed TGF-ß1
through TGF-ß5 in addition to several homologous growth

regulators (Massague, 1990; Jakowlew, 1993; Kim and
Ballock, 1993; Kingsley, 1994).  Family members exist as
active hetero- and homodimers which share 30-40%
sequence homology including conservation of seven of the
nine cysteine residues in TGF-ß.  They are ubiquitous in
nature, having been identified in a multitude of tissues (i.e.,

Figure 2.  Structural relationship among members of the TGF-ß gene superfamily and subfamilies.
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bone, kidney, liver, spleen and lung) and species (human,
murine, porcine, chicken, Drosophila, Xenopus).  A more
extensive list of the TGF-ß gene superfamily and its
subfamilies is shown in Figure 2.

Several members of the TGF-ß subfamily, in partic-
ular TGF-ß1, have been implicated in bone and cartilage
development (Centrella et al., 1991, 1994).  TGF-ß1, TGF-ß2,
and TGF-ß3 are present in humans, with the highest levels
of TGF-ß1 found in cartilage and bone (Seyedin et al., 1986;
Jakowlew, 1993).  TGF-ß1 was first purified from human
platelets, human placenta, and bovine kidney (Assoian et
al., 1983; Frolik et al., 1983; Roberts et al., 1983).  TGF-ß2
was later purified from several sources, including porcine
platelets, bovine bone, and simian kidney cells (Seyedin et
al., 1985; Cheifetz et al., 1987; Hanks et al., 1988), while
TGF-ß3 through -ß5 were identified by cDNA library screen-
ing (Jakowlew et al., 1988a,b; ten Dijke et al., 1988; Kondaiah
et al., 1990).  Numerous researchers have shown that TGF-ß
subfamily members exhibit osteo-chondrogenic bioactivity
in vivo.  For example, TGF-ß1 has been localized in the
mouse embryo in areas undergoing endochondral and
intramembranous bone formation (Heine et al., 1987), and
in sites of fracture repair such as the fracture hematoma,
hard callus, and soft callus (Joyce et al., 1990a).  In addition,
further in vivo experiments by Bolander and colleagues
demonstrated that subperiosteal injection of TGF-ß1 and
TGF-ß2 into the rat femur induced proliferation, chondro-
genesis and endochondral ossification (Joyce et al., 1990b).

Together with the various TGF-ß isoforms, members
of the bone morphogenetic protein (BMP) subfamily have

been shown to play a critical role in the development of
mesodermal tissues such as bone and cartilage (Rosen and
Thies, 1992).  The presence of factors in bone matrix capable
of stimulating bone and cartilage formation was first
suggested by Marshall Urist through experiments in which
ectopic bone formation resulted from intramuscular
implantation of decalcified bone matrix (Urist, 1965).  These
factors, referred to as bone morphogenetic protein (Urist
and Strates, 1971), were first purified from bovine long bones
using hydroxyapatite chromatography (Urist et al., 1984).
Multiple subfamily members were later isolated and cloned
from bovine bone matrix (BMP-2 through BMP-7) (Wozney,
1988; Celeste et al., 1990), while still others were identified
by cDNA library screening (BMP-8, BMP-9) (Ozkaynak et
al., 1992; Celeste et al., 1994).  In vivo, many BMPs have
been implicated in skeletal development and repair, and have
been shown to promote cartilage and bone formation both
ectopically and in bone defects.  Specifically, the expression
of BMP-2, -4, and -6 has been described in the mouse
embryo in regions undergoing cartilage and bone formation
(Lyons et al., 1989, 1990), and BMP-2 and BMP-4 expression
has been localized during fracture healing processes in
rodents (Nakase et al., 1994; Bostrom et al., 1995).  Wang
and associates have shown that BMP-2, BMP-3 and BMP-4
stimulate ectopic bone and cartilage formation when
implanted into rodents (Wang et al., 1988, 1990; Wozney,
1993), while BMP-7 induces bone formation in segmental
bone defects in rabbits (Cook et al., 1994).

Given the in vivo evidence for both the localization
of TGF-ß family members in skeletal tissues and their

Figure 3.  Spheroid forma-
tion in cultures of
C3H10T1/2 cells treated
with transforming growth
factor-ß1 (TGF-ß1).  Spher-
oid formation was
observed in micromass cul-
tures treated with either
TGF-ß1 (B) or bovine bone
extract (C), while untreated
micromass (A) and treated
monolayer cultures (D) did
not form spheroids.  Cul-
tures were viewed using
Hoffman modulation con-
trast optics.  Bars = 100 µm
(in A, B and C), and 67 µm
(in D).  From Denker et al.
(1995a), with permission.
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putative involvement in bone and cartilage formation, it has
been suggested that these factors act on undifferentiated
mesenchymal cells to induce their differentiation along an
osteogenic or chondrogenic pathway (Urist et al., 1983).
Not surprisingly, an extensive body of recent work suggests
that several members of the TGF-ß gene superfamily are
intimately involved in the commitment and differentiation
of primary mesenchymal stem cells and clonal cell lines into
bone and cartilage-forming cells.  A selection of these
studies is shown in Table 1.  In particular, two studies
undertaken in our laboratory showed that 10T1/2 cells
cultured at high cell density in the presence of TGF-ß1 and
BMP-2 result exclusively in the expression of the
chondrocyte-like phenotype (Denker et al., 1995a,b).  This
is noteworthy, since as mentioned earlier, the chondrocyte
phenotype is the most infrequently expressed in this
multipotential cell line (Taylor and Jones, 1979; Konieczny
and Emerson, 1984).

In these studies, 10T1/2 cells were seeded at a high
cell density (2 x 107 cells/ml) in a 10-20 µl drop, i.e., the
micromass culture described by Ahrens et al. (1977) and
San Antonio and Tuan (1986), and treated with 5 ng/ml
recombinant human TGF-ß1.  These cultures formed three-
dimensional cellular aggregates or spheroids that exhibited

cartilage nodule-like properties (Denker et al., 1995a).  This
was confirmed by several methods including histological
and immunohistochemical detection of cartilage matrix
components, as well as western immunoblot analysis and
metabolic labeling experiments.  A typical spheroid resulting
from TGF-ß1 treatment of micromass cultures of 10T1/2 cells
is shown in Figure 3, in addition to untreated micromass
and treated monolayer cultures, which did not form
spheroids.  Sections of paraffin embedded spheroids im-
munostained with monoclonal antibodies to the cartilage
matrix proteins, collagen type II and proteoglycan link
protein, stained positively in contrast to non-immune
control sections (Fig. 4).  Similarly, positive staining was
observed in serial sections stained with 1% Alcian blue,
pH 1.0, confirming the presence of sulfated proteoglycans
in the spheroid matrix.  Western analysis of collagen
synthesis by 10T1/2 cells indicated that TGF-ß1 treatment
increased collagen synthesis in both micromass and
monolayer cultures, but synthesis of type II collagen was
detected only in TGF-ß1-treated micromass cultures in
which  spheroids  had  formed (not  shown).  TGF-ß1 was
also shown to significantly affect the synthesis of sulfated
glycosaminoglycans by 10T1/2 cells cultured in micromass.
From 36-60 hours, the  time corresponding to spheroid

Figure 4.  Immunohistochem-
ical detection of cartilage
matrix components in the
C3H10T1/2 spheroids.  Paraf-
fin embedded spheroid sec-
tions were immunostained
with monoclonal antibody
CIIC1 to type II collagen (A),
nonimmune serum (B), mono-
clonal antibody 8-A-4 to carti-
lage proteoglycan link protein
(D), or nonimmune IgG (E), and
visualized with horseradish
peroxidase histochemistry.
Serial sections were stained
with Alcian blue (C, F).  The
presence of type II collagen
(A), link protein (D), and
Alcian blue positive staining
material (C, F) in the spheroid
is indicated.  Sections were
viewed with bright-field
optics.  Bars = 100 µm. Similar
magnifications within (A-C)
and (D-F).  From Denker et al.
(1995a), with permission.
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formation, a dose-dependent increase in relative [35-S]-
sulfate incorporation (normalized to DNA synthesis with
[3-H]-thymidine) was seen in micromass cultures treated
with TGF-ß1 (0-10 ng/ml) (Fig. 5).

The treatment of micromass cultures of 10T1/2 cells
with BMP-2 resulted in the formation of chondrocyte-like

cells which elaborated an extracellular matrix exhibiting
markers specific for cartilage (Denker et al., 1994a,b, 1995b).
10T1/2 cells cultured in micromass in the presence of BMP-2
(100 ng/ml) displayed a rounded, cobblestone-shaped
morphology characteristic of chondrocytes by six days (Fig.
6), which was not observed in untreated monolayer and
micromass cultures, or treated monolayer cultures (not
shown).  These cells stained positively with Alcian blue
and with monoclonal antibodies to type II collagen and link
protein (Fig. 7).  The presence of sulfated proteoglycan
aggregates in the extracellular matrix, considered an
important marker of chondrogenesis, was confirmed by the
pericellular staining pattern of Alcian blue dye and link
protein antibodies.  Type II collagen antibody staining was
seen in both the cytoplasmic and extracellular region,
suggesting the active synthesis and secretion of type II
collagen into the  matrix.  A dose-dependent increase in
relative [35-S]-sulfate incorporation (normalized to that of
[3-H]-leucine) was also seen in micromass cultures of 10T1/
2 cells treated with BMP-2 (Denker et al., 1995b).

The above findings clearly demonstrate that both
TGF-ß1 and BMP-2 are capable of inducing cellular differ-
entiation towards chondrogenesis in high density mi-
cromass cultures of 10T1/2 cells in vitro.  Moreover, the
ability of such growth factors to convert undifferentiated
mesenchymal cells to functional connective tissue cells (as
shown by our work and that of other investigators) may be
of great clinical significance to the repair of connective

Figure 5.  Effect of TGF-ß1 treatment on sulfated glycosaminoglycan synthesis in micromass cultures of C3H10T1/2 cells.
Cells were metabolically labeled with [35-S]-sulfate (2.5 µCi/ml) and [3-H]-thymidine (2 µCi/ml) from 12-36 hours (A) and 36-60
hours (B).  A dose-dependent increase in sulfate incorporation was observed in micromass cultures treated with TGF-ß1
from 36-60 hours, the time that coincides with spheroid formation.  Values represent the mean (± standard deviation, S.D.) of
normalized sulfate incorporation (ratio of [35-S]-sulfate to [3-H]-thymidine) (n = 5-6) expressed as a percentage of that in
untreated control cultures.  Asterisks indicates statistically a significant difference (p < 0.001) compared to corresponding
untreated control.  From Denker et al. (1995a), with permission.

Figure 6.  Appearance of chondrocyte-like morphology in
cultures of C3H10T1/2 cells treated with BMP-2.  Rounded
cells with metachromatic borders were observed at six days.
Viewed with Hoffman modulation contrast optics.  Bar = 50
µm.
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tissues like bone and cartilage.  However, direct
transplantation of mesenchymal-derived cells may not allow
for proper localization and organization of the repair tissue.
The use of an appropriate substrate for cell seeding and
guided tissue regeneration, fundamental aspects of tissue
engineering, are discussed in the following sections.

Tissue Engineering: An Alternative Approach
To Connective Tissue Repair

Recent advances in the fields of biotechnology, cell
and molecular biology, and biomaterials have led to the
emergence of tissue engineering, an exciting new area of
research focusing on the repair and replacement of func-
tional mammalian tissues and organs (Langer and Vacanti,
1993).  Tissue engineering was first defined at a workshop
held in Lake Tahoe, California upon the recommendation of
the National Science Foundation.  The working definition
as formulated is:

“The application of principles and methods of life
sciences toward fundamental understanding of structure-
function relationships in normal and pathological mam-
malian tissues and the development of biological substitutes
to restore, maintain or improve tissue functions.”

— Skalak et al. (1988)

Tissue engineering represents a promising therapy
for the repair of connective tissues such as bone and

cartilage, as current methods which involve primarily the
use of tissue grafts are far from ideal.  Autogenous grafts
harvested from a patient’s own tissue are biocompatible,
but their use is limited due to a lack of tissue supply, and
because of pain and morbidity which often develop at the
donor site (Lane and Sandhu, 1987; Kenley et al., 1993).
Allogeneic grafts from donors other than the host are more
plentiful, but present the risk of disease transmission, and
may trigger an immune response to alloantigens, resulting
in host rejection (Lane and Sandhu, 1987; Kenley et al.,
1993).  Equally problematic is the fact that, regardless of
origin, it is difficult to form three-dimensional constructs
from existing tissue (Langer and Vacanti, 1993).  A method
currently being tested clinically is the grafting of
autogenous chondrocytes which are expanded in vitro
following harvest (Brittberg et al., 1994, 1996).  The long-
term results of this procedure have yet to be fully described
(Breinan et al., 1997).

Biodegradable Polymer Scaffolds
in Tissue Engineering

As a result of the inherent difficulties associated with
tissue grafts, several biodegradable polymeric systems have
been used as materials for the engineering of load-bearing
biological tissues.  These include polyesters (Elgendy et
al., 1993; Thomson et al., 1995; Lo et al., 1996),
polyanhydrides (Lucas et al., 1990), poly(orthoesters)
(Solheim et al., 1992a,b), polyurethanes (Nielsen et al., 1992),

Figure 7 (left).  Detection of cartilage matrix components in BMP-2 treated micromass cultures of C3H10T1/2 cells.  After 12
days, cultures were fixed and stained with Alcian blue (A), and immunostained with monoclonal antibodies 8-A-4 and CIIC1
to link protein (B) and type II collagen (C), respectively.  Alcian blue and link protein exhibited a pericellular staining pattern,
indicating the presence of aggrecan complexes in the extracellular matrix of treated cultures.  Type II collagen was detected in
both the extracellular and cytoplasmic regions (arrows).  Bar = 50 µm.

Figure 8 (right).  Structure of the poly(α-hydroxy acids), poly(glycolic acid) and poly(lactic acid).
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and polycarbonates (Ertel et al., 1995) among others
(Kimura, 1993).  The most frequently investigated
biodegradable implant materials are the poly(α-hydroxy
acids), poly(glycolic acid) (PGA) and poly(lactic acid) (PLA)
(Fig. 8).  Also referred to as alpha polyesters, PGA and PLA
degrade by hydrolytic scission into biological metabolites
(i.e., glycolic acid and lactic acid, respectively) and have
been approved for human use by the Food and Drug
Administration (Hollinger and Battistone, 1986; Athanasiou

et al., 1996).  Initially used as resorbable sutures (Frazza
and Schmitt, 1971; Kulkarni et al., 1971), both PGA and PLA
offer several advantages over other materials with respect
to design flexibility.  For example, they can be easily
processed into a variety of shapes and three-dimensional
structures that more closely mimic the native extracellular
environment (Hollinger and Battistone, 1986).  Porosity can
also be achieved using certain fabrication methods, allowing
for essential nutrient transport between cells and for a high

Table 2.  Orthopaedic applications of PLA and PGA polymers {adapted from Athanasiou et al. (1996)}.

Material Application Results Reference

PLA Sutures in primate mandible Minimal inflammatory response Cutright et al., 1971
PLA Fracture fixation of Tissue repair with no adverse Getter et al., 1972

canine mandible host response
PGA-PLA Bone repair of rat tibia Little foreign body reaction Nelson et al., 1977
PLA Bone repair of sheep femur Satisfactory tissue compatibility Christel et al., 1983
PGA-PLA Bone repair of rat tibia No adverse host tissue responses Hollinger, 1983
L-PLA Fracture fixation in Well tolerated, Leenslag et al., 1987

dogs and sheep increased cellular activity
PGA-PLA Bone repair of No adverse host Schmitz and Hollinger, 1988

rabbit calvarium tissue responses
PGA Cytological apiration from PGA is an immunologically Santavirta et al., 1990

human ankle fracture inert implant material
PGA Fracture fixation of human No infection or Hope et al., 1991

pediatric elbow foreign body reaction
L-PLA/DL-PLA Bone fixation in rats No inflammation or Majola et al., 1991

foreign body reaction
PLA Articular defects in rabbits Well tolerated, minimal von Schroeder et al., 1991

inflammatory response
PGA-PLA Articular defects in rabbits Good long-term compatibility Athanasiou et al., 1992
PGA Fracture fixation of No contraindications for Böstman et al., 1992

rabbit femur clinical application of PGA
PGA Fracture fixation of No allergic reactions Kumta et al., 1992

human hand
L-PLA Bone repair of rabbit femur No inflammation or Matsusue et al., 1992

foreign body reaction
L-PLA Fracture fixation of No disturbance of Miettinen et al., 1992

rabbit femur bone growth
PGA-PLA Fracture fixation of Mild inflammatory response Päivärinta et al., 1993

rabbit femur
PGA Fracture fixation of human No adverse clinical effects Böstman et al., 1994

pediatric elbow
PLA Fracture fixation of Safe and effective, Bucholz et al., 1994

human ankle no complications
PGA Bone repair of rat femur No infection or adverse reactions Ashammakhi et al., 1995
PGA-PLA Fixation of calvarial No adverse local Eppley and Sadove, 1995

bone grafts in rabbits inflammatory reactions

PGA: polyglycolic acid; PLA: polylactic acid; L-PLA: poly(L-lactic acid); DL-PLA: poly(DL-lactic acid).
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Table 3.  Application of PLA/PGA scaffolds for bone and cartilage cell seeding.
-------------------------------------------------------------------------------------------------------------------------------------------------------------------

Materials Experimental Model Results Reference

Bovine chondrocytes Cultured in vitro and implanted Cartilage formation in > 90% of implants Cima et al.,
seeded onto PLGA subcutaneously in nude mice indicated by gross examination and matrix 1991
fiber matrices components (PG and Type II collagen)

Bovine articular Cultured in vitro and implanted Cartilage formation indicated by gross Vacanti et al.,
chondrocytes seeded subcutaneously in nude mice examination and matrix components 1991
onto polyglactin fibers (PG and Type II collagen)

Bovine/human Cultured in vitro and implanted IN VITRO - PGA exhibited chondrocyte-like Freed et al.,
articular/costal subcutaneously in nude mice phenotype and matrix (PG and Type II collagen); 1993
chondrocytes seeded onto L-PLA - spindle shaped cells with little matrix
PGA & L-PLA matrices IN VIVO - both PGA & L-PLA formed cartilage

Bovine periosteum-de- Cultured in vitro and implanted Early cartilage formation replaced later by Vacanti et al.,
rived osteoblastic cells subcutaneously in nude mice bone tissue; rate of morphogenesis related 1993
seeded onto PGA meshes to vascularity of implant site

Lapine articular Cultured in vitro and implanted Hyaline and fibrocartilage formation indicated Freed et al.,
chondrocytes seeded in full-thickness defects in by gross examination and matrix components 1994
onto PGA scaffolds rabbit knee joints (PG and Type II collagen)

Rodent osteoblasts Cultured in vitro for two weeks Cells proliferated on polymer films and main- Ishaug et al.,
seeded onto L-PLA, tained osteoblastic phenotype as indicated by 1994
PLGA, and PGA films ALP activity

Bovine articular Cultured in vitro and implanted Cartilage formation in 80% of Kim et al.,
chondrocytes seeded cranial defects in nude rats experimental bony defects 1994
onto PGA meshes

Rodent calvarial Cultured in vitro short-term Cells adhered and migrated on composite Attawia
osteoblasts seeded onto substrates and maintained osteoblastic et al., 1995
PLGA/HA composites phenotype as detected by OC symbols

Lapine perichondro- Cultured in vitro and im- Cartilage formation in 96% of implants Chu et al.,
cytes seeded onto planted in osteochondral de- indicated by gross examination and matrix 1995
D,D-L, PLA fects in femoral condyles of components (PG and Type II collagen)
scaffolds rabbits

Lapine articular Cultured in vitro statically Cartilage formation indicated by gross examination Dunkelman
chondrocytes seeded a closed bioreactor system and matrix components (PG and Type II collagen) - et al., 1995
onto PGA scaffolds system for 4 weeks enhanced in closed bioreactor culture system

Bovine articular Cultured in vitro under both Cells directly attached to polymer fibers assumed Grande
chondrocytes seeded static and closed loop recircu- a fibroblast morphology while unattached cells et al., 1997
onto PGA and Vicryl lation conditions for 5 weeks displayed a rounded chondrocyte shape.  Early in-
(90% PGA: 10% PLA) crease in PG synthesis in closed loop vs. static
meshwork culture system
------------------------------------------------------------------------------------------------------------------------------------------------------------------

PGA: polyglycolic acid; PLA: polylactic acid; L-PLA: poly(L-lactic acid); DL-PLA: poly(DL-lactic acid); PLGA: poly(D,L-
lactide-co-glycolide); HA: hydroxyapatite; ALP: alkaline phosphatase; OC: osteocalcin; PG: cartilaginous proteoglycan.
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Table 4.  Application of PLA/PGA scaffolds for delivery of osteo-chondro-inductive factors.
------------------------------------------------------------------------------------------------------------------------------------------------------------------

Materials Experimental Model Results Reference

Purified bovine BMP Implanted in cranial defects Bone formation at 16 weeks with unresorbed Ferguson
incorporated into in monkeys PLGA segments present between bone deposits et al., 1987
Purified human BMP Composites placed as onlay Solid fracture union in 100% of subjects Johnson et
incorporated into PLGA over femoral nonunion frac- al., 1988

ture gap
Bovine BMP incorpor- Augmentation of spinal fusion BMP/PLA implants associated with higher Lovell et al.,
ated into PLA strips in dogs levels of bone mass production with unresorbed 1989

PLA fragments as late as 6 months
PLA (MW 160 Da - PLA/BMP composites im- Only PLA/650/BMP composites adsorbed and Miyamoto
105 kDa) combined planted intramusculary replaced by bone (after 3 weeks) et al., 1992
with semipurified in mice
BMP (PLA160/BMP -
PLA105,000/BMP)
Rabbit DBM powder Implanted in calvarial de- Mature bone formation observed by 6 weeks Kleinschmidt
sandwiched between fects in rabbits et al., 1993
PLGA disks
Bone matrix extract PLGA/BBE composites cul- 60-75% biological activity released within Meikle et al.,
 derived from bovine tured in vitro (5 weeks) to 1 week 1993
cortical bone combined assay growth factor release
with PLGA
PLGA combined with Cultured in vitro to assay Protein released from devices for > 600 hrs.; Gombotz

DBM and TGF-β1 TGF-β1 release 80-90% TGF-β1 released retained activity et al., 1993
PLA (650 Da) and PLA/BMP and PLA-PEG/BMP composites fully absorbed and Miyamoto
PLA-PEG copolymer PLA-PEG/BMP composites induced twice as much bone as PLA/BMP et al., 1993
combined with semi- implanted intramuscularly in as PLA/BMP composites
purified BMP mice (3 weeks)

PLGA combined with PLGA/DBM/TGF-β1 mater- Biologically active TGF-β1 released in Gombotz

DBM and TGF-β1 ials assayed for TGF-β1 vitro for >300 hrs. but minimal bone et al., 1994

active TGF-β1 release in vitro and im- formation observed in vivo
planted in rat calvarial defects

PLGA combined with PLGA/BMP-2 composites im- Significant resorption of PLGA particles Kenley et al.,
rhBMP-2 planted in rat calvarial defects coupled with mature bone formation by 3 weeks 1994
PLGA combined with PLGA/BMP-2 composites im- PLGA/BMP-2 composites induced bone forma- Lee et al.,
rhBMP-2 planted in segmental defects tion; higher doses of BMP-2 and smaller PLGA 1994

in rat femurs particle size result in greater stiffness
and strength of new tissue

PLGA combined with bo- PLGA/BBE composites implanted Significant resorption of PLGA by 4 weeks Meikle et al.,
vine bone matrix extract in rabbit calvarial defects with little osseous repair due to immune response 1994
PLA combined with PLA/DBM materials im- Cartilage formation at 2 weeks later replaced Saitoh et al.,
DBM planted subcutaneously in by bone (4 weeks) 1994
BMP encapsulated in PLGA/BMP capsules assayed 80% of the BMP released in vitro by 1 week Isobe et al.,
PLGA for BMP release in vitro and ectopic bone formation at 3 weeks 1996

and implanted subcutaneously
in rats

------------------------------------------------------------------------------------------------------------------------------------------------------------------

polyethylene glycol; DBM: demineralized bone matrix; BBE: bovine bone extract; rhBMP-2: recombinant human BMP-2;
MW: molecular weight.
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surface area to volume ratio to facilitate cell-polymer
interactions (Cima et al., 1991).  Finally, the resorption rate
may be controlled by altering the polymer constituents, as
low molecular weight polymers and less crystalline, racemic
forms (i.e., DL versus L) degrade more rapidly than their
counterparts (Hollinger and Battistone, 1986).  Several in
vivo studies have shown PGA and PLA (and copolymers
of the two polyesters) to be biocompatible in applications
related to bone and cartilage tissue repair (i.e., fracture
fixation and the repair of osseous or osteochondral defects).
A chronological list of prominent in vivo studies examining
the biocompatibility of PGA/PLA materials used in
orthopaedic applications is shown in Table 2.  Although
there is a large body of work which suggests PGA and PLA
to be biocompatible, some studies have shown these
polyesters to produce toxic byproducts in vitro (Daniels et
al., 1992; Taylor et al., 1994).  Nevertheless, such in vitro
experimental models do not take into account the
hydrodynamic clearance of degradation products and the
effects of physiological buffering (Athanasiou et al., 1996).

Despite their demonstrated biocompatibility, PGA
and PLA are not inherently chondrogenic and/or osteo-
genic.  As such, many investigators have seeded primary,
differentiated cells (i.e., chondrocytes and osteoblasts)
isolated from existing tissue onto PGA/PLA scaffolds to

Figure 9.  Release kinetics of total protein and active TGF-ß1
from PLLA scaffolds loaded with recombinant human
TGF-ß1 (in bovine serum albumin, BSA, as a carrier protein)
upon immersion in physiological saline at 37°C, with 5%
CO

2
.  Total protein release was measured

spectrophotometrically, while TGF-ß1 activity was assessed
using a standard epithelial cell growth inhibition bioassay.
An initial burst of total protein was followed by a gradual
release over a four week period (A).  Biologically active
TGF-ß1 was released in a more sporadic fashion,
characterized by an initial, rapid release superseded by a
fluctuating pattern marked by apparently random bursts (B).
Results represent the mean (± standard deviation, S.D.) of
triplicate samples at each time point.  From Nicoll et al.
(1995), with permission.

Figure 10.  Release kinetics of the active TGF-ß1 from PLLA
scaffolds upon immersion in serum-containing culture
medium at 37°C, 5% CO

2
 for 5 days.  The release of TGF-ß1

in serum-containing medium was on the same order of
magnitude as that measured in physiological saline (see Fig.
9), but following an initial rapid burst, a more controlled and
stable release profile was observed.  Results represent the
mean (± S.D.) of triplicate samples at each time point.
Adapted from Nicoll et al. (1995), with permission.
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promote osteo-chondrogenic tissue formation and repair.
A review of some of the more salient in vitro and in vivo
studies is presented in Table 3.  The pioneering studies by
Robert Langer, Charles and Joseph Vacanti, and their
colleagues were the first to demonstrate the potential use
of resorbable poly(α-hydroxy acid) matrices as templates
specifically for cartilage tissue regeneration (Cima et al.,
1991; Vacanti et al., 1991; Freed et al., 1993, 1994; see Table
3).  The basic experimental model involved harvesting pri-
mary chondrocytes from allogeneic or xenogeneic tissues,
culturing these cells on polymeric scaffolds for a period of
2-3 weeks in vitro, and subsequently implanting the cell-
polymer composites into athymic, nude mice or other host
animals.  After several weeks, cartilage tissue had formed,
although in some cases, the neocartilage consisted of a

mixture of both hyaline and fibrocartilage (Freed et al., 1994).
More recently, improved viability and greater matrix
deposition by seeded chondrocytes has been demonstrated
using closed bioreactor systems (Dunkelman et al., 1995;
Grande et al., 1997).

One of the more challenging problems encountered
with such cell-polymer composites is inconsistent and
incomplete bonding between the repair tissue generated
from the scaffolds and the adjacent, endogenous tissue
(Mow et al., 1991).  In a clinical setting, the lack of
integration with host tissue may ultimately compromise the
success of the composite implant.  To counter this difficulty,
bioactive factors have been incorporated into PGA/PLA
scaffolds to promote ingrowth with the surrounding tissue
(Hollinger and Leong, 1996).  Of these factors, demineralized

Figure 11.  Estimation of sulfated glycosaminoglycan
synthesis by C3H10T1/2 cells cultured on polymer sub-
strates and metabolically labeled with [35-S]-sulfate (5 µCi/
ml).  Sulfated glycosaminoglycan synthesis by 10T1/2 cells
was enhanced in PLLA disks loaded with TGF-ß1, with
levels of sulfate incorporation three times greater than in
PLLA/BSA disks, and thirteen times greater than in controls
cultured on tissue culture polystyrene (TCPS).  Results
represent the mean (± S.D.) of triplicate samples at each time
point.  Asterisks denote significantly more incorporation
(p < 0.05) than corresponding TCPS controls.  From Nicoll
et al. (1995), with permission.

Figure 12.  Morphology and chondrocytic nature of C3H10T1/2 cells cultured on PLLA disks loaded with TGF-ß1.  (A)  As
observed by scanning electron microscopy at 3 days of culture, the seeded cells displayed a small, rounded morphology,
resembling that of a chondrocyte-like phenotype.  The cells proliferated throughout the porous PLLA network, and were
observed to form discrete cellular clusters (arrows).  Bar = 10 µm.  From Nicoll et al. (1995), with permission.  (B)  Paraffin
embedded sections viewed by Nomarski differential interference optics on day 7 of culture showed the presence of rounded,
chondrocyte-like cells (arrows and arrowheads) distinct from the refractile PLLA polymeric network.  Bar = 50 µm.  From
Nicoll et al. (1995), with permission.  (C)  Upon immunofluorescence staining for collagen type II (CIICI monoclonal antibody;
see Denker et al., 1995), the seeded cells stained positively, with a pericellular pattern.  Bar = 10 µm.
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bone matrix, TGF-ß1, and forms of BMP are the most widely
utilized.  A partial listing of notable studies in which these
bioactive factors were employed together with PGA/PLA
carrier materials is shown in Table 4.  The first experiments
of this kind were conducted by Marshall Urist and
associates, in which purified BMPs were incorporated into
poly(D,L-lactide-co-glycolide) (PLGA) and PLA scaffolds
and used to repair a variety of bone tissue anomalies in-
cluding cranial defects, fracture non-unions, and spinal
fusions (Ferguson et al., 1987; Johnson et al., 1988; Lovell
et al., 1989).  Enhanced bone induction was observed,
although in some cases, unresorbed polymer fragments
were still present at the implantation site.  Later studies by
Gombotz et al. (1993, 1994) showed that TGF-ß1 could be
released in a biologically active form from comparable PLGA
materials, while others demonstrated findings similar to
those of Urist and co-workers using recombinant isoforms
of BMP (Kenley et al., 1994; Lee et al., 1994).  Although the
release characteristics may vary greatly depending on the
composition of the resorbable carrier, the release of BMPs
from PLGA capsules has been reported to be as high as
80% of the total incorporated BMP after just one week
(Isobe et al., 1996).  Such rapid release kinetics may not be
ideally suited for the long-term repair processes often
associated with damaged connective tissues.  A more con-
trolled release afforded by surface eroding polymers such
as polyanhydrides (Langer, 1990; Ron et al., 1993) may be
more effective for this application, provided that the
materials are fabricated in a porous array to facilitate cellular
attachment and ingrowth.  It should be noted that, with
respect to bone tissue repair, Urist and co-workers have
suggested that more rapidly degrading polymer carriers may
be better suited for growth factor delivery (Ferguson et al.,
1987; Lovell et al., 1989).

A recent in vitro study conducted in our laboratory
employed both of the approaches discussed above.  Bio-
degradable polymer scaffolds were used as substrates for
cell seeding and as delivery vehicles for osteo-chondro-
inductive factors.  Specifically, porous poly(L-lactic acid)
(PLLA) matrices prepared by a solvent-casting particulate-
leaching technique were loaded by direct adsorption with
recombinant human TGF-ß1 (16.7 ng/mg PLLA) and seeded
at high cell density with  C3H10T1/2 cells (Nicoll et al., 1995).
10T1/2 cells were used in this study as a model for other,
more clinically relevant mesenchymal stem cell populations
(i.e., bone marrow or periosteum-derived cells), as a potential
alternative to harvesting primary, differentiated cells from
host tissue.  TGF-ß1 was administered by adsorption
loading onto the polymer scaffolds to facilitate its
continuous release, as our previous studies on two-
dimensional polystyrene with both TGF-ß1 and BMP-2
(described earlier) indicated that continual exposure to these
growth factors was most optimal for maintaining the desired

chondrogenic phenotype of 10T1/2 cells in culture.  The
periodic addition of TGF-ß1 to the culture medium or
pretreatment prior to cell seeding were less effective.
Moreover, we were also interested in assessing the ability
of the matrices to deliver the growth factor not only to the
cells seeded directly onto the polymers, but also to cells
that might be in the surrounding environment as a model
for delivery in an in vivo setting.  TGF-ß1 released from the
polymer scaffold was assayed for biological activity and
for its ability to induce chondrogenesis in seeded 10T1/2
cells, as was previously observed in micromass cultures of
10T1/2 cells (Denker et al., 1995a).  A sustained yet sporadic
release of active TGF-ß1 was observed in polymer matrices
immersed in physiological saline (Fig. 9), while a more
controlled release was detected in serum-containing culture
medium (Fig. 10).  [35-S]-sulfate incorporation by 10T1/2
cells seeded onto PLLA/TGF-ß1 disks was significantly
greater than in PLLA control disks loaded with bovine serum
albumin or on tissue culture polystyrene (Fig. 11).  Scanning
electron microscopic analysis of 10T1/2 cells cultured on
PLLA/TGF-ß1 disks revealed a small, rounded morphology,
typical of chondrocytes by three days (Fig. 12A).
Histological sections of 10T1/2 cells seeded onto PLLA/
TGF-ß1 constructs showed similar cell clusters (Fig. 12B),
which immunostained positively for collagen type II,
characteristic of chondrocytes (Fig. 12C).  These
observations provide sufficient evidence for both the
effective delivery of active TGF-ß1 from the PLLA carrier
materials, and for the subsequent induction of the
chondrocyte-like phenotype in seeded 10T1/2 cells.

Conclusions and Future Directions

The intensive research efforts conducted over the
past several years strongly suggest that osteo-chondro-
inductive agents, namely members of the TGF-ß family of
growth factors, regulate the differentiated phenotype of
mesenchymal stem cells.  These pluripotent cells represent
a promising source of cellular material for the repair of bone
and cartilage lesions.  In combination with suitable
biocompatible substrates such as resorbable polymers (e.g.,
PGA and PLA), biohybrid composites may be generated that
offer several advantages over existing replacement
therapies.  Bioactive growth factors may also be
incorporated into the cell-polymer constructs to promote
the commitment and differentiation of seeded mesenchymal
stem cells and to enhance the integration of composite
implants with adjacent host tissue.  As the precise function
of growth factors is elucidated and as advances in polymer
engineering give rise to novel polymeric systems, the repair
of load-bearing skeletal tissues may one day involve the
use of mesenchymal stem cells on a routine basis, given
the likely shortage of viable donor tissue in the near future.
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Discussion with Reviewers

R. Langer:  The authors used both the terms of “mesen-
chymal stem cells” and “mesenchymal cells.”  Is the second
term meant to be synonymous with the first?
Authors:  Mesenchymal cells refer to cells which, during
tissue morphogenesis, act in an unconnected manner and
are migratory.  Operationally, these do not need to be “stem”
cells, i.e., capable of giving rise to multiple tissue types.
On the other hand, there exists one or more mesenchymal
populations that persist into adult life of the organism and
possess multipotential differentiation characteristics, and
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are operationally referred to as “mesenchymal stem cells.”
The appropriate usage of these terms has been followed in
the manuscript.

R. Langer:  The authors have presented their study of the
effects of TGF-ß1 incorporation into a PLLA polymer
support on 10T1/2 cells.  How is the “incorporation”/
”loading” done?  Please clarify the proposed benefits of
this system over periodically adding TGF-ß1 directly to the
cell culture medium or first using the growth factor to
differentiate the 10T1/2 cells to chondrocyte-like cells in
traditional cell culture prior to seeding the polymer support?
Were these benefits realized?  Also, please comment on the
desirability of the rapid release of incorporated BMP and
TGF-ß1 for the proposed application, and consider
presenting the release data for TGF-ß1 into serum-
containing culture medium.
Authors:  In previous studies (e.g., Denker et al., 1995a),
we have observed that continuous exposure of 10T1/2 cells
to TGF-ß1 is most optimal for chondro-induction.  The
periodic addition of TGF-ß1 to the culture medium or
pretreatment prior to cell seeding were less effective.  For
this reason, TGF-ß1 was administered by direct adsorption
loading onto the polymer scaffolds to facilitate its
continuous release.   Moreover, we were also interested in
assessing the ability of the matrices to deliver the growth
factor not only to the cells seeded directly onto the
polymers, but also to cells that might be in the surrounding
environment as a model for delivery in an in vivo setting.
Our initial findings indeed support the induction of the
chondrogenic phenotype in these cultures.  In the presence
of physiological saline, growth factors were released
rapidly; however, the release became more sustained in the
presence of serum-containing culture medium (Fig. 10),
suggesting that such a release profile, although by no
means ideal, is capable of inducing chondrogenic
differentiation.  Future studies aim to further optimize growth
factor release with respect to chondrogenesis.


