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Transient Exposure to Transforming Growth
Factor Beta 3 Improves the Mechanical Properties

of Mesenchymal Stem Cell–Laden Cartilage Constructs
in a Density-Dependent Manner

Alice H. Huang, B.S.,1,2 Ashley Stein, B.S.E.,1,2 Rocky S. Tuan, Ph.D.,3 and Robert L. Mauck, Ph.D.1,2

Mesenchymal stem cells (MSCs) are an attractive cell source for cartilage tissue engineering and regenerative
medicine. However, the use of these cells has been limited by their reduced ability to form functional tissue
compared to chondrocytes when placed in three-dimensional culture systems. To optimize MSC functional
chondrogenesis, we examined the effects of increasing seeding density and transient application of transforming
growth factor beta 3 (TGF-b3), two factors previously shown to improve growth of chondrocyte-based constructs.
Chondrocytes seeded in agarose at 20 million cells=mL and MSCs seeded at 20 or 60 million cells=mL agarose were
cultured for 7 weeks under continuous or transient application of TGF-b3. In the transient group, cell-laden
constructs were exposed to TGF-b3 for the initial 3 weeks, followed by 4 weeks of culture in medium without TGF-
b3. Compressive properties, biochemical content, and gene expression were assessed at 3, 5, and 7 weeks. Matrix
distribution and collagen type was determined using histology and immunohistochemistry, and chondrogenic
and osteogenic markers were assessed using real-time polymerase chain reaction. When maintained continuously
with TGF-b3, chondrocyte-seeded constructs achieved a higher equilibrium compressive modulus than MSCs
similarly maintained. Although properties of both groups increased with respect to starting values, there was no
difference in bulk mechanical or biochemical properties with higher seeding density when MSCs were cultured
with constant TGF-b3. Findings also showed that while transient application of TGF-b3 elicited robust growth
from chondrocyte-laden gels, MSCs seeded at the same density failed to respond, although constructs maintained
their previously accrued properties and continued to express cartilaginous genes after TGF-b3 removal. Con-
versely, MSCs seeded at 60 million cells=mL exhibited a strong anabolic response with transient TGF-b3 exposure,
achieving an equilibrium modulus of approximately 200 kPa. Although this represents the highest modulus we
have been able to achieve with MSC-seeded constructs using our culture system, further work remains to optimize
MSC chondrogenesis for cartilage tissue engineering, particularly in terms of collagen content and dynamic
mechanical properties.

Introduction

Articular cartilage lines the surfaces of joints and
functions to distribute the forces arising from joint

movement. This load-bearing role is enabled by a dense
extracellular matrix (ECM) composed of proteoglycans
(*3–10% wet weight) and type II collagen (*10–30% wet
weight).1–3 These matrix constituents are responsible for the
unique mechanical properties of cartilage, including a high
equilibrium compressive modulus (0.5–1 MPa) and an even
higher dynamic compressive modulus (16–40 MPa).4–6 Un-

der normal physiological conditions, the metabolic activity of
cartilage consists of a fine balance of anabolic and catabolic
events that resident chondrocytes that make up 10% of the
tissue volume regulate.7 With traumatic injury or joint dis-
ease, degenerative changes may permanently compromise
mechanical function due to the limited capacity of articular
cartilage for self-renewal.8 To date, few strategies exist for re-
storing damaged articular surfaces; therefore, cartilage tissue
engineering has emerged as a means of generating replace-
ment tissues.9 To optimize growth and maturation of tissue-
engineered constructs, various methodologies have been
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employed, including three-dimensional (3D) culture in a wide
range of biomaterials10–14 coupled with mechanical stimula-
tion15–18 and growth factor supplementation.19,20 In addition to
these strategies, variations in cell-seeding density and medium
formulations have also been shown to have pronounced effects
on the final properties accrued by engineered cartilage.21–23

While significant progress has been made with these
chondrocyte-based approaches, the use of chondrocytes for
cartilage tissue engineering may prove impractical because
of limitations in cell availability and donor site morbidity.
Therefore, recent efforts have used mesenchymal stem cells
(MSCs), which readily undergo chondrogenesis when cul-
tured in chemically defined media with transforming growth
factor beta (TGF-b) family members.24,25 In the presence of
these biofactors, MSCs deposit cartilaginous matrix when
seeded in hydrogels26–28 or fibrous scaffolds.29 However, al-
though MSCs can generate cartilage-like ECM, it has also been
shown that MSCs do not reach functional parity with donor-
matched chondrocytes cultured under the same conditions.
Our previous work suggests that MSCs, starting at the same
seeding density, reach at best 50% of the compressive
equilibrium properties of chondrocyte-seeded agarose con-
structs.30 A number of studies have examined the effects of
varying cell seeding density on MSC chondrogenesis, al-
though in most studies, the seeding densities employed were
lower (<10 million cells=mL) than those used in cartilage
tissue engineering with chondrocytes, and functional proper-
ties were not assayed.31–36 Cell–cell contact and communica-
tion is a recognized factor in the initiation of chondrogenesis
in pellet cultures,37 although the effect of variation in this
parameter has yet to be investigated in the context of emerging
mechanical properties of MSC-seeded 3D constructs.

In addition to cell-density effects, recent studies have also
shown that transient application of TGF-b3 in a serum-free,
chemically defined medium enhances the compressive prop-
erties and glycosaminoglycan (GAG) content of chondrocyte-
laden hydrogels to near-native tissue levels.38,39 In those
studies, after removal of the growth factor, constructs
achieved equilibrium compressive moduli of approximately
0.8 MPa and proteoglycan levels of 6% to 7% wet weight in
less than 2 months of culture. It is not yet clear whether
similar transient application of growth factor can accelerate
the maturation of MSC-based constructs. Two recent studies
using MSC-laden hydrogels indicate that this phenomenon
may be operative for MSCs in 3D culture.40,41 In one study
by Mehlhorn et al., human MSCs in alginate beads synthe-
sized lower amounts of aggrecan after transient application
of TGF-b3 than constructs cultured continuously with TGF-
b3 over 2 weeks. However, the level of aggrecan accrued was
still greater than that of control constructs, and chondrogenic
genes remained expressed, suggesting maintenance of the
chondrocytic phenotype.41 Indeed, differentiated MSCs were
resistant to subversion of the chondrogenic phenotype when
challenged with osteogenic media. However, this study did
not examine mechanical properties of the formed constructs.
Caterson et al. also observed a continued chondrogenic re-
sponse by MSCs in alginate treated with a single pulse of
TGF-b1 (50 ng=mL) for 3 days.40 At 21 days of culture,
treated constructs stained for proteoglycans and type II col-
lagen and continued to express aggrecan and type II and
type IX collagens. Constructs also briefly expressed osteo-
calcin at 14 days of culture.

Taken together, these studies indicate that brief exposure to
TGF-b may be sufficient to initiate and maintain chon-
drogenesis, although the effect of this treatment on mechan-
ical function was not investigated. It is also unknown whether
transient application of TGF-b enhances MSC chondrogenesis
and improves the development of functional properties of
MSC-based constructs. While standard practice relies on
continuous treatment with TGF-b, previous studies using
chondrocyte-based constructs suggest that temporal exposure
to this morphogen is more effective in generating tissue re-
placements with near-native properties. The effects of tran-
sient TGF-b treatment has not been investigated in terms of
mechanical properties of MSC-laden constructs. In addition,
because TGF-b is known to suppress chondrocyte hypertro-
phy42 and can retard or abrogate osteogenic progression of
MSCs in monolayer culture,43,44 it was also not clear whether
removal of the growth factor would initiate mineralization or
other hypertrophic changes in our stem cell populations.

To specifically address these questions, this study evalu-
ated mechanical and biochemical properties in chondrocyte-
and MSC-laden hydrogels with transient exposure of TGF-b3
in a chemically defined medium. In addition, we explored the
effects of varying seeding density in MSC-laden constructs on
resultant functional properties. We hypothesized that increas-
ing seeding density would improve mechanical properties
and biochemical content. We also hypothesized that transient
application of TGF-b3 would improve functional properties of
MSC-laden constructs and that differences in cartilaginous
gene expression would mark these changes.

Materials and Methods

MSC and chondrocyte isolation and culture

MSCs were isolated from the carpal bone marrow of three
3- to 6-month-old calves (Research 87, Bolyston, MA), as pre-
viously described.32 MSCs were maintained in medium
containing 10% fetal bovine serum and 1% penicillin=
streptomycin=Fungizone (PSF), with cultures up to passage 3
used for these studies. Chondrocytes were harvested from
carpometacarpal articular cartilage,32 digested with pronase
and collagenase,21,41 and encapsulated immediately upon
isolation.

Construct fabrication and long-term 3D culture

Primary chondrocytes or MSCs were suspended in a
chemically defined medium (CM) and combined 1:1 with
sterile type VII agarose (498C, 4% w=v, Sigma, St Louis, MO)
in phosphate buffered saline (PBS) at room temperature. CM
consisted of high-glucose Dulbecco’s modified Eagle me-
dium supplemented with 1� PSF; 0.1 mM dexamethasone;
50 mg=mL ascorbate 2-phosphate; 40 mg=mL L-proline; 100
mg=mL sodium pyruvate; and 1� 6.25 mg=mL insulin, 6.25
mg=mL transferrin, 6.25 ng=mL selenious acid, 1.25 mg=mL
bovine serum albumin (BSA), and 5.35 mg=mL linoleic acid.
Chondrocytes were seeded at a density of 20 million cells=mL,
and MSCs were seeded at 20 or 60 million cells=mL. The re-
sultant cell–agarose mixture was cast between parallel plates
to create a 2.25-mm sheet and allowed to gel for 20 min at
room temperature. After gelation, disks (Ø4 mm) were cored
and cultured with continuous or transient TGF-b3 treatment
in 1 mL of CM per construct. In the continuous treatment
group, disks were cultured in CM supplemented with
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10 ng=mL TGF-b3 (CMþ, R&D Systems, Minneapolis, MN)
for 7 weeks. In the transient TGF-b3 treatment group, disks
were maintained in CMþ for the first 3 weeks and then cul-
tured in CM without TGF-b3 for an additional 4 weeks. At 3,
5, and 7 weeks, constructs were evaluated for mechanical
properties, biochemical content, and gene expression. Con-
structs were measured with digital calipers at each time point
to monitor dimensional stability. Each experiment was re-
peated at least once to confirm results with data from all
samples pooled.

MSC pellet formation and long-term culture

Pellets containing 250,000 MSCs per pellet were formed by
centrifugation (5 min, 300�g) in 96-well polypropylene con-
ical plates (Nalge Nunc International, Rochester, NY). Pellets
were cultured with continuous or transient application of
TGF-b3, as described above. At 3, 5, and 7 weeks, pellets
were evaluated for sulfated GAG and DNA content. Histo-
logical analysis was performed at 7 weeks.

Mechanical testing of engineered constructs

A custom mechanical testing device was used to evaluate
compressive properties of engineered constructs.30 Disks
were tested in unconfined compression between two imper-
meable platens. First, samples were equilibrated in creep
under a static load of 2 g for 5 min. After creep testing, samples
were subjected to 10% strain (calculated from post-creep
thickness values) applied at 0.05%=s followed by relaxation
for 1000 s until equilibrium. Dynamic testing was performed
by applying 1% sinusoidal deformation at 1.0 Hz. The equi-
librium modulus was determined from the equilibrium stress
(minus tare stress) normalized to the applied strain. The dy-
namic modulus was determined from the slope of dynamic
stress–strain response. After mechanical testing, constructs
were frozen at �208C for biochemical evaluation.

Biochemical analysis

To assess biochemical content, samples were digested for
16 h in papain (0.56 U=mL in 0.1 M sodium acetate, 10 M
cysteine hydrochloric acid, 0.05M ethylenediaminetetraa-
cetic acid, pH 6.0) at 608C. Agarose disks were digested in
1 mL=construct of papain, and cell pellets were digested in
300 mL=sample of papain with three pellets combined per
sample. After digestion, the 1,9-dimethylmethylene blue dye-
binding assay was used to determine GAG content in digests
against a standard curve of chondroitin-6-sulphate. Digested
samples were also evaluated for collagen content after acid
hydrolysis using the orthohydroxyproline (OHP) assay,45

with a 1:7.14 OHP:collagen ratio used, as described previ-
ously.46 DNA content was determined from papain digests
using the PicoGreen dsDNA assay (Molecular Probes, Eu-
gene, OR). GAG and collagen values are reported as percent-
ages of construct wet weight, and DNA content is reported as
quantity per disk.

Real-time polymerase chain reaction

Total RNA was extracted by two sequential isolations in
TRIZOL-chloroform and quantified using a Nanodrop ND-
1000 spectrophotometer (Thermo Fisher Scientific, Waltham,
MA). Reverse transcription was performed using the First
Strand complementary DNA (cDNA) Synthesis kit (Invitro-

gen Life Technologies, Carlsbad, CA), and cDNA amplification
was performed using an Applied Biosystems 7300 real-time
polymerase chain reaction (PCR) system with intron-spanning
primers and SYBR Green Reaction Mix (Applied Biosystems,
Carlsbad, CA). Expression levels of seven cartilage-specific
markers (chondroitin-4-sulfotransferase-1 (C4ST-1), chondroitin-
4-sulfotransferase-2 (C4ST-2), xylosyltransferase (XT-1), Gal-
NAc4,6S-disulfotransferase (Galnac), aggrecan, collagen II, and
link protein) and two bone-related markers (collagen type I and
osteocalcin) were determined and normalized to the house-
keeping gene glyceraldehyde-3-phosphate dehydrogenase.

Histology

Samples for histology were fixed in 4% paraformaldehyde,
dehydrated in a graded series of ethanol, and embedded in
paraffin (Paraplast, Lab Storage, St. Peters, MO). Samples were
sectioned at 8-mm thickness and stained with hematoxylin and
eosin (H&E, Sigma), Alcian Blue (pH 1.0), and Picrosirius
Red (0.1% w=v in saturated picric acid) for cell distribution,
sulfated proteoglycans, and collagens, respectively. Miner-
alization in engineered constructs was assessed using Von
Kossa staining (American Mastertech, Lodi, CA), with a pos-
itive calcium control slide stained simultaneously for com-
parison. Color images were captured at 5�, 10�, or 20�
magnification using a microscope equipped with a color
charge coupled device digital camera and the QCapturePro
(QImaging, Surrey, BC, Canada) acquisition software. Images
captured at 5� magnification (showing the majority of the
construct expanse) can be found in Supplementary Figures
1–3. (Supplementary figures available online at www
.liebertonline.com/ten.)

Immunohistochemistry

For immunohistochemical analysis, 8-mm sections were
deparaffinized and rehydrated in a graded series of ethanol to
water. Antigen retrieval was performed by incubating sec-
tions in citrate buffer (10 mM citric acid with 0.05% Tween 20
at pH 6.0) heated to 998C for 25 min. Citrate buffer and sam-
ples were then transferred to room temperature and allowed
to cool for an additional 20 min. After antigen retrieval, sam-
ples were incubated for 1 h at room temperature in 300 mg=mL
hyaluronidase (Type IV, Sigma) in PBS. Primary antibodies to
collagen type I (MAB3391, Millipore, Billerica, MA), collagen
type II (11-116B3, Developmental Studies Hybridoma Bank,
Iowa City, IA), and collagen type X (X-AC9, Developmental
Studies Hybridoma Bank) were used for immunolabeling, as
described previously.32 Briefly, samples were treated with 3%
hydrogen peroxide followed by treatment with a blocking
reagent (3,30 diaminobenzidine chromogen reagent (DAB150
IHC Select), Millipore) and incubated with primary anti-
bodies in 3% BSA with non-immune controls. After incuba-
tion with primary antibodies, samples were treated with
biotinylated goat anti-rabbit immunoglobulin (Ig)G second-
ary antibodies and streptavidin horse radish peroxidase and
then reacted with DAB150 IHC Select. Color images were
captured at 10�magnification as above.

Statistical analysis

Statistical analysis was performed using SYSTAT software
(v10.2, SYSTAT Software Inc., San Jose, CA). Mechanical and
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biochemical data for cell-seeded constructs was analyzed
using two-way analysis of variance (ANOVA), with signifi-
cance set at p< 0.05. Biochemical content of cell pellets was
assessed using one-way ANOVA, with significance set at
p< 0.05. Where significance was indicated by ANOVA anal-
ysis, Tukey’s post hoc testing was performed to enable com-
parisons between groups. All values are reported as
means� standard deviations.

Results

Compressive properties of cell-seeded agarose

To optimize functional properties of MSC-laden constructs,
MSCs were seeded at 20 (M20) or 60 (M60) million cells=mL
of agarose and cultured under continuous (þ) or transient (T)
exposure to TGF-b3 for 7 weeks in chemically defined, serum-
free medium. Chondrocytes were seeded at 20 million cells=
mL (C20) and maintained under these same conditions. Over
time in culture, chondrocyte and MSC-seeded constructs be-
came increasingly opaque and, consistent with previous
findings, increased in volume relative to starting values.
Construct thickness did not change with transient exposure to
TGF-b3, although at every time point assayed, MSC-seeded
gels were thicker than chondrocyte-seeded gels, regardless of
seeding density. There were no observable differences in
MSC-seeded construct diameters until day 49. As with thick-
ness measurements, diameter size was comparable between
M20 and M60 at every time point, and both were larger than
C20 by day 49 (Table 1).

For all groups, the equilibrium and dynamic compressive
modulus improved with time in culture ( p< 0.05). Consistent
with our previous findings,30 the equilibrium modulus of
C20þ disks increased through week 7, reaching 203� 27 kPa
( p¼ 0.008), whereas M20þ constructs plateaued by 3 weeks at
a lower level of 107� 23 kPa ( p¼ 1.0, Fig. 1A). There was no
difference in equilibrium modulus between M20þ and
M60þ at any time point ( p> 0.9), although the moduli of both
groups were much greater than starting agarose values (typ-
ically 5–10 kPa). Also consistent with our previous findings,39

the equilibrium modulus of the C20-T group increased dra-
matically, with an 8-fold increase 4 weeks after removal of
TGF-b3 ( p< 0.001), compared to only a 4-fold increase over
the same time period with continuous exposure ( p< 0.001).
Although the equilibrium properties of M20 constructs were
not different in transient and continuous medium conditions
( p¼ 0.9), a 4-fold increase to 193� 40 kPa was observed in
M60 constructs by week 7 when cultured in transient com-

pared to continuous media exposure ( p< 0.001). These M60-T
samples reached modulus values similar to that of week 7
C20þ constructs ( p¼ 1.0, Fig. 1A). Despite the difference in
the equilibrium modulus between C20þ and M20þ, the dy-
namic moduli of these constructs were not significantly dif-
ferent by week 7 ( p¼ 0.9). At 7 weeks, the dynamic modulus
of M20þ was also similar to that of M60þ ( p¼ 0.1). Under
transient medium conditions, the dynamic moduli of C20 and
M20 constructs were not greater than that of control con-
structs inþ conditions ( p> 0.2), but the dynamic modulus of
M60-T constructs was greater than that of M60þ ( p¼ 0.003,
Fig. 1B).

Biochemical content of cell-seeded agarose

Biochemical content for C20þ and M20þ disks increased
with time, with more GAG deposited in C20þ than M20þ by
week 7 ( p< 0.001, Fig. 2A). As with the equilibrium modulus,
the GAG content of C20þ continued to improve through the
final time point ( p< 0.001), whereas M20þ disks plateaued by
week 3 ( p> 0.4, Fig. 2A). Under transient conditions, a
marked increase in GAG content was observed in the C20-T
and M60-T groups ( p< 0.001, Figure 2A) compared to their
continuous-exposure controls. Although the total GAG con-
tent of week 7 M60-T constructs was markedly higher than
that of all other MSC groups, it remained below that of week 7
chondrocyte-laden constructs. Collagen content was not sig-
nificantly different between groups by week 7, except in the
M60þ group, which was lower than C20þ and M60-T
( p< 0.05, Fig. 2B). Assessment of DNA content showed that
higher cell density was maintained in the 60M-seeded MSC
groups and that transient application of TGF-b3 had no effect
on cell proliferation, regardless of cell type ( p¼ 1.0, Fig. 2C).
When normalized to DNA content, GAG content in M60
constructs cultured under either medium condition was dra-
matically lower than that of M20 constructs similarly main-
tained, suggesting that GAG synthesis per cell was impaired
with increasing cell number (not shown).

Histological analysis of cell-seeded agarose

Histological staining for cellularity, GAG, and collagen
deposition largely confirmed biochemical measures. Con-
sistent with biochemical analyses of DNA content, H&E
staining for cell distribution at week 7 showed greater cell
density for gels seeded at 60 million cells=mL than those
seeded at 20 million cells=mL (Fig. 3). From H&E staining, it
appeared that transient application of TGF-b3 resulted in

Table 1. Changes in Construct Dimensions with Time

Thickness (mm) Diameter (mm)

Day 21 Day 35 Day 49 Day 21 Day 35 Day 49

C20þ 2.24� 0.02 2.42� 0.06* 2.48� 0.07* 4.01� 0.01 4.06� 0.07 4.18� 0.17
C20-T NA 2.41� 0.04* 2.45� 0.06* NA 4.02� 0.03 4.04� 0.05
M20þ 2.55� 0.10# 2.63� 0.09# 2.71� 0.16# 4.08� 0.11 4.13� 0.09 4.40� 0.15*
M20-T NA 2.58� 0.13# 2.67� 0.12# NA 4.13� 0.08 4.33� 0.23*#

M60þ 2.58� 0.08# 2.67� 0.08# 2.81� 0.10# 4.22� 0.25 4.28� 0.14 4.53� 0.12*#

M60-T NA 2.69� 0.11# 2.76� 0.09# NA 4.35� 0.08# 4.41� 0.20#

*Significant difference from day 21 within cell type and seeding density ( p< 0.05). #Significant difference from C20 within each time point
and medium group ( p< 0.05).
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larger cell lacunae in the C20 and M60 groups. These C20-T
and M60-T groups also showed greater staining for proteogly-
can deposition than controls with continuous medium con-
ditions (Fig. 3). Constructs showed little discernible difference
in collagen staining with variation in cell type or seeding
density. Collagen deposition was further assessed using
immunohistochemistry to distinguish between type I, type
II, and type X collagens. At week 7, all groups showed
weak pericellular staining for type I collagen and intense
inter-territorial staining for type II collagen (Fig. 4). There was
no increase in type I collagen accumulation with removal of
TGF-b3 in any group, nor was type X collagen staining evi-
dent under any condition. Von Kossa staining for calcium was
also performed to assess mineralization in cell-seeded gels; no
evidence of calcium deposition was observed in any group
(Fig. 5).

Biochemical and histological analysis of MSC pellets

Because MSC response to transiently applied TGF-b3 ap-
peared to depend on initial seeding density, a cell-pellet
model of chondrogenesis was used to determine whether re-

sults similar to that achieved with gels seeded at 60 million
cells=mL could be generated when cultured under transient
conditions. Cells are tightly packed in pellet culture (i.e., no
ECM at the initiation of culture), and they may be considered
‘infinite’ with respect to the other seeding densities used in
this study (20 or 60 million cells=mL). MSC pellets accrued
increasing amounts of GAG with time through week 7 when
cultured continuously with TGF-b3. With transient exposure
to TGF-b3, the GAG content of pellets was significantly
greater by week 7 than the GAG content of pellets cultured
continuously with TGF-b3 ( p< 0.001, Fig. 6A). Contrary to
our findings in 3D hydrogel culture, DNA content of pellets
was lower for both groups at week 7, with greater loss in
pellets cultured under transient medium conditions than with
continuous exposure (Fig. 6B). When normalized to cell
number, the difference in GAG content at week 7 between
pellets cultured under transient and continuous conditions
was even more pronounced, with a 2.6 times difference in
GAG deposition (Fig. 6C). No differences in collagen content
were observed with transient application of TGF-b3 (not
shown). By week 7, there was a noticeable difference in
cell number between pellets maintained continuously or

FIG. 1. Time-dependent compressive properties of en-
gineered constructs with variation in cell type, seeding
density, and medium formulation. (A) Equilibrium and (B)
dynamic modulus of cell-seeded constructs. *Greater than
chondrocytes seeded at 20 million cells=mL of agarose under
continuous exposure to transforming growth factor beta 3
(TGF-b3) (C20þ) at week 5 ( p< 0.05); **greater than C20þ at
week 7 ( p< 0.05); #greater than mesenchymal stem cell
(MSC) seeded at 60 million cells=mL of agarose and cultured
under continuous exposure to TGF-b3 (M60þ) at 7 weeks.
Data represent the mean and standard deviation of seven to
eight samples per group per time point.

FIG. 2. Biochemical composition of engineered constructs
with variation in time in culture, cell type, seeding density,
and medium formulation. (A) Glycosaminoglycan (GAG), (B)
collagen, and (C) DNA content of chondrocyte- and MSC-
laden gels. *Greater than C20þ at week 5 ( p< 0.05); **greater
than C20þ at week 7, &No difference from C20þ at week 5
( p> 0.05). Data represent the mean and standard deviation of
seven to eight samples per group per time point.
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FIG. 3. Histological appearance of engineered constructs after 7 weeks of culture. Hematoxylin and eosin, Alcian Blue, and
Picrosirius Red staining of C20, M20, and M60 constructs cultured in continuous (þ) and transient (T) media. C20-T and
M60-T showed greater proteoglycan deposition and changes in cell morphology consistent with hypertrophic events. Images
were acquired at 10�magnification. Scale bar: 100 mm. Color images available online at www.liebertonline.com=ten.

FIG. 4. Distribution of collagen types I, II, and X in engineered constructs cultured inþ or T medium for 7 weeks.
Chondrocyte- and MSC-laden constructs showed weak pericellular staining for type I collagen and intense staining for type II
collagen regardless of initial seeding density or medium formulation. Type X collagen was not apparent in any group. Scale
bar: 100mm. Color images available online at www.liebertonline.com=ten.

FIG. 5. Von Kossa staining of engineered constructs cultured in T medium for 7 weeks. Mineralization (black staining) was
not observed in chondrocyte- or MSC-laden gels. Images were acquired at 10�magnification. Scale bar: 100mm. Color images
available online at www.liebertonline.com=ten.
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transiently in TGF-b3, as shown in the H&E stains. As with
cell-seeded constructs, Alcian Blue staining for proteogly-
cans demonstrated conspicuously darker regions of staining
in pellets cultured under transient than under continuous
conditions, consistent with biochemical measures of GAG

content. Picrosirius red staining for collagen was of equal in-
tensity between the two groups (Fig. 7).

Gene expression

All groups cultured continuously with TGF-b3 expressed
chondrogenic markers. Removal of TGF-b3 did not adversely
affect the chondrocytic phenotype of MSCs seeded at 20 or 60
million cells=mL. Expression levels of C4ST-1 and Galnac
continued to increase for M20-T and M60-T after 3 weeks,
whereas aggrecan and collagen type II expression remained
relatively stable (Fig. 8). C20-T groups followed a similar
pattern of expression, with large increases in Galnac from 3
weeks to 7 weeks. For all MSC and chondrocyte groups ex-
posed transiently to TGF-b3, Galnac expression at 7 weeks
was markedly higher than in control gels maintained con-
tinuously with TGF-b3. These data are from two biological
replicates (separate studies), with similar findings in each.
Although all groups expressed collagen type I, osteocalcin
expression was undetectable (not shown).

Discussion

Bone marrow-derived MSCs are an attractive cell source for
regenerative medicine, given their easy isolation and expan-
sion capacity and their ability to differentiate toward a
number of musculoskeletal lineages. For cartilage tissue en-
gineering, MSCs readily undergo chondrogenesis in 3D cul-
ture in the presence of specific biofactors and deposit a
cartilage-like matrix. This matrix formation improves me-
chanical properties critical to the function of the native tissue,
including compressive and tensile properties.30,47 Despite
their maturation potential, engineered cartilage formed from
MSCs is limited by the reduced equilibrium compressive
properties generated, compared to fully differentiated chon-
drocytes. Consistent with previous findings,30 this study
showed that the mechanical properties of MSC-laden con-
structs were lower than those of chondrocyte-laden constructs
similarly maintained. To further optimize chondrogenesis,
we examined the effects of two parameters, initial seeding
density and transient application of TGF-b3, on the mechan-
ical properties and biochemical content of MSC-laden gels.
In chondrocyte-seeded hydrogels, both factors have been
previously shown to improve equilibrium compressive
properties.21,39

Contrary to our original hypothesis, MSCs seeded in
agarose at 20 and 60 million cells=mL and maintained con-
tinuously with TGF-b3 showed no differences in functional
properties or biochemical content after 7 weeks in free-
swelling culture. Although several studies have reported en-
hanced chondrogenesis with greater seeding density,31,33,35,36

the range of cell densities assayed were generally less than 10
million cells=mL,33,35 and outcome parameters were limited
to biochemical measures or gene expression. In one study
comparing seeding densities greater than 10 million cells=mL,
total GAG deposition was indistinguishable between con-
structs seeded at 12 to 48 million cells=mL, consistent with the
current findings.31 In another study comparing human MSCs
seeded at different densities in alginate, an initial density of 25
million cells=mL resulted in significantly greater GAG syn-
thesis per cell after 14 days of culture than in constructs see-
ded at 50 million cells=mL.36 In keeping with this observation,

FIG. 6. Biochemical composition of MSC pellets with var-
iation in time in culture and medium formulation. (A) GAG
(mg=pellet), (B) DNA (mg=pellet), and (C) GAG=DNA content
of MSC pellets. Transient application of TGF-b3 resulted in
greater GAG deposition than in pellets cultured continuously
with TGF-b3. *Greater thanþpellets at week 5 ( p< 0.05),
**greater thanþpellets at week 7 ( p< 0.001), $lower than þ
pellets at week 7 and T pellets at week 5 ( p< 0.01). Data
represent the mean and standard deviation of three samples
per group per time point.
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we found markedly less GAG deposition per cell (*75% re-
duction) in constructs seeded at 60 million MSCs=mL than in
constructs seeded at 20 million MSCs=mL.

During chondrogenesis in the limb bud and in in vitro mi-
cromass models using these cells, greater cellularity promotes
cell–cell contact and enhances differentiation.48,49 Our results
and those of others suggest that there exists an optimal MSC
density that maximizes GAG production per cell, even when
cellsarenot indirectcontact in3Dhydrogelsystems.Atseeding
densities higher than this optimal value, chondrogenesis may
be adversely affected. Studies using chondrocyte-based con-
structs have also shown that, although matrix biosynthesis is
initially high during early culture periods, when the pericel-
lular environment is being established de novo, a decline in
synthesis rate is observed with gradual accumulation of
ECM.50 At earlier time points than those assayed in our
studies, a higher seeding density may promote matrix bio-
synthesis until a certain threshold value of bulk GAG content
is attained. To assess whether such negative feedback mech-
anisms regulate matrix accumulation rates in MSC-based

constructs, future work will assess GAG synthesis at earlier
time points. Alternatively, a deficit in nutrient supply may
reduce the extent of differentiation or matrix production ob-
served at the higher seeding density. For example, we have
shown more robust production of ECM in chondrocyte-
seeded gels in medium containing 20% FBS than in 10% FBS
medium.21 Additional studies will be required to address this
important question.

To further enhance MSC chondrogenesis, we also exam-
ined the effect of transient application of TGF-b3 in the context
of changing seeding densities. Although chondrocytes re-
sponded favorably to transient exposure to TGF-b3 by dra-
matically increasing the equilibrium modulus, MSCs seeded
at the same density (20 million=mL) showed no change with
removal of the growth factor. Although the ‘‘release’’ phe-
nomenon was not observed in MSCs seeded at this density,
removal of TGF-b3 did not abrogate accrued properties, in-
dicating that MSCs were able to maintain their differenti-
ated phenotype and functional properties. Conversely, when
MSCs were seeded at a higher density (60 million cells=mL),

FIG. 7. Histologic appearance of MSC pellets after 7 weeks of culture. Hematoxylin and eosin, Alcian Blue, and Picrosirius
Red staining of MSC pellets cultured inþ and T media. Images were taken at 20�magnification. Scale bar: 100 mm. Color
images available online at www.liebertonline.com=ten.
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transient application of TGF-b3 had a pronounced effect on
the equilibrium modulus and GAG accumulation. This find-
ing suggests the potential for quorum sensing in triggering the
‘‘release’’ phenomenon in MSCs, whereby paracrine signaling
between cells may potentiate the ‘‘release’’ response after
TGF-b3 withdrawal. Alternatively, at a higher seeding den-
sity (60 million cells=mL), a smaller fraction of MSCs may
undergo chondrogenesis, or the extent of chondrogenesis
might be limited in induced cells, potentially through nega-
tive feedback mechanisms or nutrient limitations and growth
factor supply. Enhanced recruitment of undifferentiated cells
or enhanced GAG production by committed MSCs may cause
the increase in total GAG content and equilibrium compres-
sive properties in these constructs with removal of TGF-b3.
Whether chondrogenically committed or uncommitted cells
initiate the triggering response is as yet unknown.

Despite improved GAG production in these MSC-laden
constructs with the removal of TGF-b3, the GAG content on a
per-cell basis remained markedly lower than with MSC con-
structs seeded at 20 million cells=mL (*65% lower). This
suggests that simply adding MSCs does not overcome their
inherent matrix-forming limitations compared with fully

differentiated chondrocytes. Furthermore, although MSCs
seeded at 20 million cells=mL did not respond to ‘‘release’’ in
general, in two instances (out of six), increases in equilibrium
modulus were observed on par with that of cells seeded at 60
million cells=mL. This observation implies that, if this re-
sponse depends on the initial seeding density, 20 million
cells=mL may be close to the threshold density. To test whe-
ther seeding density was a factor in this ‘‘release’’ response, we
also cultured MSC pellets under transient conditions and as-
sessed GAG content and histological features. Consistent with
findings for MSC constructs seeded at 60 million cells=mL,
transient exposure to TGF-b3 induced significant increases in
GAG accumulation in MSC pellets.

The ability of MSCs to generate functional matrix is
merely one aspect of engineering viable replacement tissue.
For clinical application, the phenotype of these cells must be
maintained once removed from the controlled, prochondro-
genic, chemically defined culture environment to the much
less defined, and often inflammatory, in vivo setting. As other
in vitro studies have demonstrated, we have shown here that
a chondrocyte-like phenotype is maintained in constructs
after initiation of chondrogenesis with transient exposure to

FIG. 8. Expression of cartilage markers in MSC-laden constructs with variation of initial seeding density. Relative gene
expression normalized to 3-week control constructs (dashed line) of (A) M20 and (B) M60 constructs at 7 weeks inþ and T
media. The chondrocyte-like phenotype is maintained in constructs cultured in T medium 4 weeks after TGF-b3 withdrawal.
Data from two experiments are presented.
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TGF-b3. Furthermore, we have shown continuous expression
of genes encoding cartilage matrix elements, as well as four
genes encoding enzymes involved in proteoglycan synthesis.
Although most of these genes were insensitive to TGF-b3
withdrawal, the expression levels of Galnac increased rap-
idly after removal of the growth factor. This was consistent
across all ‘‘release’’ groups, including MSCs seeded at 20
million cells=mL (which did not improve in properties), and
the levels achieved by 7 weeks exceeded that of the contin-
uous exposure control groups. Although ‘‘release’’ may
modulate the expression of Galnac to some extent, the
complete molecular mechanism underlying the dramatic in-
creases in mechanical properties and GAG content associated
with the ‘‘release’’ response is still unclear. Larger-scale
screening methods (e.g., microarray analysis) may be re-
quired to fully understand this phenomenon. Alternatively,
factors not examined in this study, such as post-translational
modifications, may play a crucial role and warrant further
study.

Although transient application and removal of TGF-b3
from the culture medium did not adversely affect chondro-
genic gene expression, histological analysis of our constructs
revealed enlarged cell lacunae. This morphological feature is
prominent in cells with high metabolic activities (producing
large amounts of highly charged proteoglycan)51 but is also
consistent with the hypertrophic changes associated with
endochondral ossification. This morphology was not detected
in MSCs seeded at 20 million cells=mL or in constructs cul-
tured continuously in TGF-b3 (groups not undergoing a ‘‘re-
lease’’ response). Despite the presence of these enlarged cells,
there was no additional evidence indicative of hypertro-
phic transitions taking place. There was no evidence of ma-
trix mineralization or a shift to type I collagen production 4
weeks after removal of TGF-b3, and type X collagen depo-
sition was also not observed. One study, which showed
that TGF-b withdrawal alone was not sufficient to induce
hypertrophy or mineralization in MSC pellets, supports this
finding.52

Although we did not observe phenotypic changes in our
MSC constructs in this study, the long-term stability of the
cartilage phenotype of differentiated MSCs in the absence of
prochondrogenic factors remains to be determined. Recent
work assessing the chondrogenic commitment of MSCs
demonstrated pronounced instability of phenotype when
cultured under in vivo conditions.53,54 Implantation of chon-
drogenically differentiated MSCs resulted in extensive min-
eralization, coupled with the persistence of cartilage-like
regions. Remarkably, articular chondrocytes showed no signs
of ossification or hypertrophy when implanted in vivo, sug-
gesting that intrinsic differences remain between these two
cell types. In this study, enlarged lacunae were observed in
chondrocyte- and MSC-seeded constructs undergoing release.
Although TGF-b removal may not be sufficient to induce
phenotypic changes, its absence may create a permissive en-
vironment for other factors present in vivo to drive osteogene-
sis in cells that are less complete in their commitment to the
chondrocyte phenotype. In one in vitro study, Mueller et al. in-
duced mineralization of chondrogenically differentiated MSC
pellets by adding triiodothyronine and b-glycerophosphate
after withdrawing TGF-b.52 Additional work, using chondrocyte-
and MSC-seeded constructs, will be required to demonstrate
the stability of the cartilage phenotype in our ‘‘released’’

constructs if they are to be viable candidates for regenerative
therapies.

The work described herein demonstrates that initial seed-
ing density and transient application of TGF-b3 regulate
functional MSC chondrogenesis. The equilibrium modulus
reported here (*200 kPa) for constructs seeded at 60 million
cells=mL and cultured with transient TGF-b3 exposure is the
highest value we have achieved for MSCs seeded in agarose
hydrogels. This modulus is approximately 50% of that of
native bovine tissue5,6 and suggests the potential of these cells
for the production of functional engineered cartilage con-
structs. Although the parameters used in this study generated
MSC constructs with the highest equilibrium modulus we
have ever achieved using these cells, the properties attained
still fall below chondrocyte construct values when cultured
under similar conditions. This finding further underscores the
inherent differences that remain between these two cells types,
even after MSCs commit to the chondrocyte phenotype. Al-
though GAG content and compressive equilibrium properties
approached native levels, collagen content and dynamic pro-
perties remained low for all cell-seeded constructs. Continuing
optimization strategies should focus on these critical aspects
of engineered cartilage constructs. We have recently de-
veloped high-throughput screening methods to identify and
optimize new small-molecule mediators of chondrogenesis.
We and others have also deployed novel materials55,56 and
constructed mechanical loading systems57,58 that may better
fosterthechondrogenicdifferentiationprocess.Theseadvances
have the potential to generate functional cartilage replace-
ments based on MSCs, especially if combined with the defined
media regimes and seeding density requirements indicated
from our results. Recent work using chondrocyte-based con-
structs demonstrate that mechanical loading applied in concert
with transient exposure to TGF-b3 can generate neotissues
with mechanical properties exceeding that of either treatment
alone.38 Despite this potential, expectations must be tempered
regarding the capacity of a newly differentiated cell type
relative to fully differentiated cells and must take heed of the
continuing necessity of promoting and maintaining the dif-
ferentiated phenotype and functional properties after in vivo
implantation.
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