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Objectives: Adipose-derived stem cells (ASCs) and bone marrow–derived mesenchymal stem cells (MSCs) are
multipotent adult stem cells with potential for use in cartilage tissue engineering. We hypothesized that these cells
show distinct responses to different chondrogenic culture conditions and extracellular matrices, illustrating im-
portant differences between cell types.
Methods: Human ASCs and MSCs were chondrogenically differentiated in alginate beads or a novel scaffold of
reconstituted native cartilage–derived matrix with a range of growth factors, including dexamethasone, trans-
forming growth factor b3, and bone morphogenetic protein 6. Constructs were analyzed for gene expression and
matrix synthesis.
Results: Chondrogenic growth factors induced a chondrocytic phenotype in both ASCs and MSCs in alginate
beads or cartilage-derived matrix. MSCs demonstrated enhanced type II collagen gene expression and matrix
synthesis as well as a greater propensity for the hypertrophic chondrocyte phenotype. ASCs had higher upre-
gulation of aggrecan gene expression in response to bone morphogenetic protein 6 (857-fold), while MSCs re-
sponded more favorably to transforming growth factor b3 (573-fold increase).
Conclusions: ASCs and MSCs are distinct cell types as illustrated by their unique responses to growth factor–based
chondrogenic induction. This chondrogenic induction is affected by the composition of the scaffold and the
presence of serum.

Introduction

Cartilage tissue engineering seeks to combine cells,
biomaterial scaffolds, and bioactive signals to create

functional tissue replacements to treat cartilage injuries or
osteoarthritis.1,2 Primary chondrocytes expanded in vitro are
one cell source that has been used for autologous chondrocyte
implantation,3 but there has been growing interest in alter-
native cell sources for cartilage tissue engineering. Adult
stem cells derived from adipose tissue [adipose-derived stem
cells (ASCs)]4,5 and bone marrow (bone marrow–derived
mesenchymal stem cells, MSCs)6,7 have shown significant
chondrogenic potential for such a tissue engineering ap-
proach.8–11 ASCs have attracted interest due to ease of iso-
lation procedure and relative abundance of cells available as
compared to MSCs,12,13 but remain less well characterized.

While many studies tend to refer to these cell types using
similar terminology, that is, adipose-derived MSCs,14–17 a
growing number of studies have shown human ASCs and
MSCs to be very similar but not identical cell types in

monolayer culture with regard to morphology, proliferation,
gene expression, and cell surface markers.14–33 Some differ-
ences include ASCs being smaller,16 ASCs achieving higher
passage numbers before senescence,15,23,26 differential expres-
sion of genes related to proliferation,26,32 and ASCs having
reduced or absent transforming growth factor b (TGF-b)
receptor ALK-521 and cell surface marker vascular cell ad-
hesion molecule 1 (CD106).15,16,19,29 In addition to these bi-
ological characterizations, many studies have compared the
chondrogenic potential of the two cell types. With the ex-
ception of a few studies,15,20,23,26 it has been observed that
under standard chondrogenic differentiation conditions,
MSCs have an enhanced potential for chondrogenesis as
compared to ASCs by measures such as glycosaminoglycans
(GAG) production, type II collagen gene expression and
deposition, pellet size, and consistency among donors for
differentiation.14,16–18,22,27–31,33

However, it is important to note that these studies have
used identical culture conditions for ASCs and MSCs, typi-
cally utilizing TGF-b and dexamethasone (DEX) to induce
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chondrogenesis, with some studies adding additional
growth factors.14,17,23,31 The tacit assumption in such studies
is that culture conditions optimized for MSCs will also be
optimal for ASCs. However, emerging evidence suggests
that any comparison study between ASCs and MSCs will be
affected by the specific culture conditions used. ASCs have
been shown to be more efficiently induced toward a chon-
drogenic lineage by a high dose of bone morphogenetic
protein-6 (BMP-6) than by TGF-b or other cocktails.34 Hennig
et al. demonstrated that the addition of BMP-6 to a TGF-b
culture medium resulted in robust chondrogenesis of ASCs
similar to MSCs with TGF-b.21 Kim and Im demonstrated
that a higher concentration of growth factors was able to over-
come initial differences in chondrogenic differentiation be-
tween ASCs and MSCs.24 The response of adult stem cells to
soluble factors that induce differentiation is therefore one
method of identifying differences among tissue sources. A
study design that incorporates multiple chondrogenic media
conditions may be able to better assess these divergent re-
sponses to growth factors than previous single-condition
studies. Our first hypothesis was that ASCs and MSCs are
distinct cell types with unique responses to growth factors or
other chondroinductive culture conditions.

In addition to the growth factor conditions, the extracel-
lular environment can also influence cellular growth and
differentiation. Pellet culture has been used extensively as a
model system to compare chondrogenesis in MSCs and ASCs
because it recapitulates the condensation that occurs during
cartilage development and maintains the potential for cell–
cell interaction.35 Alginate bead culture is a model system that
encourages a rounded cell phenotype8 to induce stem cells
toward a chondrocyte-like lineage. Recent studies have shown
that scaffolds consisting of reconstituted native cartilage–
derived matrix (CDM) can induce the chondrogenesis of
ASCs36 or MSCs,37 potentially through the establishment of
interactions between cell surface receptors and extracellular
matrix ligands present on the native tissue proteins. Such cell–
matrix interactions are important in cartilage development38

and homeostasis,39 as well as in collagen remodeling by
MSCs.40 Studies using tissues such as heart,41 bladder,42 ten-
don,43 and, recently, the clinical transplantation of a donor
airway44 have also shown the value in using native tissue
architecture to provide instructive cues for tissue engineer-
ing.45 Using the cell environment to induce chondrogenesis in
place of or in addition to growth factors allows for further
understanding of the role of the extracellular matrix in regu-
lating chondrogenesis. Thus, our second hypothesis was
that chondrogenesis in ASCs and MSCs is affected by the cell
microenvironment (alginate or CDM).

Materials and Methods

Cell culture and chondrogenic differentiation

Human ASCs were obtained from subcutaneous ab-
dominal adipose tissue (Zen-Bio, Durham, NC). ASCs from
seven women (average age, 41 years) were combined after
initial expansion to make a superlot. Cells were cultured at
8000 cells=cm2 through four passages in Dulbecco’s modified
Eagle’s medium (DMEM)=F12 (BioWhittaker, Walkersville,
MD) containing 0.25 ng=mL TGF-b1 (R&D Systems, Minnea-
polis, MN), 5 ng=mL EGF (Roche Diagnostics, Indianapolis,
IN), and 1 ng=mL basic fibroblast growth factor (bFGF; Roche

Diagnostics), as well as 10% fetal bovine serum (FBS; Atlas
Biologicals, Ft. Collins, CO) as previously described.46 Hu-
man MSCs were obtained from the posterior superior il-
iac crest of donors as approved by the Institutional Review
Board as previously described.47 MSCs from three women
(average age 27 years) were combined in a superlot after ini-
tial expansion. Cells were cultured at 5000 cells=cm2 through
four passages in DMEM–low glucose (Gibco, Grand Island,
NY) containing 1 ng=mL bFGF and 10% FBS (Sigma-Aldrich,
St. Louis, MO).

ASCs and MSCs were either resuspended in 1.2% alginate
(5�106 cells=mL) and dropped in 102 mM calcium chloride
solution with a 1 mL pipette to form beads, or seeded onto 6-
mm-diameter CDM scaffolds (500,000 cells in a 30 mL me-
dium added for 1 h before the culture medium added). CDM
was prepared by homogenizing porcine articular cartilage at
a concentration of 0.1 g wet weight=mL distilled water and
then lyophilizing for 24 h as previously described.36

Alginate and CDM constructs were cultured for 14 or 28
days. Low-attachment 24-well plates (Corning Life Sciences,
Corning, NY) were used with 1 mL of the culture medium
(changed every other day). The culture medium contained
DMEM–high glucose (Gibco), 1% penicillin–streptomycin
(Gibco), 37.5 mg=mL l-ascorbic acid 2-phosphate (Sigma-
Aldrich), 40 mg=mL l-proline (Sigma-Aldrich), and 1%
ITSþPremix (Collaborative Biomedical–Becton Dickinson,
Bedford, MA) plus combinations of the following chon-
droinductive agents (Figs. 1 and 3): 100 nM DEX (Sigma-
Aldrich), 10 ng=mL TGF-b3 (R&D Systems), and 10 or
500 ng=mL BMP-6 (R&D Systems). A subset of the alginate
bead conditions was used for CDM constructs. Day 14 con-
structs were evaluated with quantitative real-time reverse
transcriptase–polymerase chain reaction (qPCR), and day 28
constructs were either digested for biochemical analysis or
prepared for immunohistochemistry as described below.

RNA isolation and qPCR

Fourteen-day qPCR samples were prepared for RNA iso-
lation (n¼ 3 independent samples per group). CDM con-
structs were snap-frozen in liquid nitrogen and pulverized
using a mortar and pestle, while alginate beads were treated
with 150 mM NaCl and 55 mM Na citrate to release the cells.
RNA was isolated using TRIzol reagent (Invitrogen, Carls-
bad, CA) and quantified with spectrophotometry (Nanodrop
ND-1000, Wilmington, DE). The RNA was reverse transcribed
with SuperScript VILO (Invitrogen) and analyzed for gene
expression using Express qPCR SuperMix Universal (In-
vitrogen) on an iCycler (Bio-Rad, Hercules, CA). Primer
probes (Applied Biosystems, Foster City, CA) were used to de-
termine transcript levels in triplicate for a housekeeping gene
and four different genes of interest: 18S ribosomal RNA
(endogenous control; assay ID Hs99999901_s1), aggrecan
(AGC1; assay ID Hs00153936_m1), type I collagen (COL1A1;
assay ID Hs00164004_m1), type II collagen (COL2A1; custom
assay: forward primer, 5-GAGACAGCATGACGCCGAG-3;
reverse primer, 5-GCGGATGCTCTCAATCTGGT-3; probe 5-
FAM-TGGATGCCACACTCAAGTCCCTCAAC-TAMRA-3),28

and type X collagen (COL10A1; assay ID Hs00166657_m1). The
standard curve method was used to determine starting tran-
script quantity (copy number) for each gene using plasmids
containing the gene of interest. Data were analyzed by calcu-
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lating the fold difference compared to day 0 cells of the same
type, with each sample first normalized to its own 18S value.

Biochemical analysis

Day 28 biochemical samples (n¼ 3 independent samples
per group) were analyzed for double-stranded DNA
(dsDNA) and sulfated GAG. Both alginate and CDM con-
structs were digested for 16 h with 1 mL of 125mg=mL papain.
The PicoGreen fluorescent dsDNA assay (Molecular Probes,
Eugene, OR) with l DNA standard curve was used to cal-
culate mg of dsDNA as a surrogate for cell number.34 The 1,9-
dimethylmethylene blue assay (DMMB)48 with pH adjusted
to 1.5 was used to quantify total sulfated GAG against a
chondroitin-4-sulfate standard curve.49

Immunohistochemistry and histology

Day 28 immunohistochemistry samples were fixed over-
night at 48C in a pH 7.4 solution containing 4% parafor-
maldehyde, 100 mM sodium cacodylate, and 50 mM BaCl2.
Both alginate and CDM constructs were taken through a
series of increasing ethanol solutions and xylene steps to clear
the constructs. Samples were then embedded in paraffin and
cut into 5mm sections. Monoclonal antibodies to type I col-
lagen (ab6308; Abcam, Cambridge, MA), type II collagen (II-
II6B3; Developmental Studies Hybridoma Bank, University
of Iowa, Iowa City, IA), type X collagen (C7974; Sigma-
Aldrich), and chondroitin 4-sulfate (2B6 antibody, gift from
Dr. Virginia Kraus) were used. Sections for collagen staining
were treated with Pepsin (Digest-All; Zymed, San Francisco,

FIG. 1. Day 14 reverse transcriptase–polymerase chain reaction for (A) alginate bead and (B) cartilage-derived matrix
(CDM) constructs seeded with adipose-derived stem cells (ASCs) or mesenchymal stem cells (MSCs) (as labeled). Data
presented as fold differences from day 0 cells for AGC1, COL2A1, COL10A1, and COL1A1. Error bars represent standard error
of the mean. Groups not sharing a letter are significantly different by Fisher protected least significant difference (PLSD) post
hoc. Asterisk indicates that the medium condition is significantly different from control by analysis of variance (ANOVA).
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CA) and sections for chondroitin 4-sulfate were treated with
trypsin, soybean trypsin inhibitor, and chondroitinase ABC
(all from Sigma-Aldrich) to expose the epitopes. The anti-
mouse IgG secondary antibody (Product No. B7151; Sigma-
Aldrich) was linked to horseradish peroxidase and reacted
with aminoethyl carbazole using the Histostain-Plus ES Kit
(Zymed). General histological staining using 0.1% aqueous
safranin-O, 0.02% fast-green, and hematoxylin was also
performed on xylene-cleared sections. Human osteochondral
plugs were prepared in the same manner as samples and
were used as positive controls for each antibody. Negative
controls without primary antibody were also prepared for
each slide.

Statistical analysis

Two-factor analysis of variance (ANOVA) and Fisher’s
protected least significant difference (PLSD) post hoc test
(a¼ 0.05) were used to determine significance for cell type
and culture condition. Outliers were removed according to
the Chauvenet’s criterion.50

Results

Gene expression is presented as the fold difference in copy
number from day 0 values for each cell type (Fig. 1). For the
alginate beads, the main effects of cell type and culture
condition, as well as the interaction term, were statistically
significant by ANOVA for all genes studied ( p< 0.001) (Fig.
1A). AGC1 expression was enhanced in control conditions
for MSCs (17-fold increase over day 0 cells) but not ASCs.
The presence of only DEX caused a decrease in MSC AGC1
expression as compared to control ( p< 0.001) but had no
effect on ASCs. Both ASCs and MSCs responded robustly to
growth factor induction, with all three growth factor groups
significantly increased relative to control ( p< 0.001). ASCs
had the highest upregulation of AGC1 with 500 ng=mL BMP-
6 (857-fold increase), and MSCs had the highest upregulation
with 10 ng=mL TGF-b3 and DEX (573-fold increase). With
both BMP-6 and TGF-b present in the culture medium, no
differences were observed between the cell types in terms of
AGC1 upregulation ( p> 0.05).

COL2A1 expression in ASCs was only significantly upre-
gulated as compared to control when both TGF-b3 and BMP-
6 were administered ( p< 0.001), whereas COL2A1 expression
in MSCs was significantly upregulated in all growth factor
groups ( p< 0.001). The highest expression was seen in the
TGF-b3 plus DEX group, with a 130,450-fold increase from
day 0 values.

COL10A1 expression was significantly higher in MSCs as
compared to ASCs for each culture condition tested ( p< 0.001).
For ASCs, COL10A1 expression remained below day 0 values
in every group except those containing TGF-b3. For MSCs,
COL10A1 expression was downregulated compared to control
in both the DEX and 500 ng=mL BMP-6 groups ( p< 0.001) and
was strongly upregulated in conditions containing TGF-b3
(1720 and 2319-fold increases over day 0 cells for TGF-b3 and
dual cocktail of TGF-b3 and BMP-6, respectively).

COL1A1 expression was significantly increased in all three
growth factor groups as compared to control in both cell
types ( p< 0.01). In each culture condition, MSCs had a
higher fold increase over day 0 values than ASCs ( p< 0.001).

For the CDM constructs, the main effects of cell type and
culture condition were statistically significant by ANOVA
( p< 0.001) for each gene studied with the exception of the
effect of culture condition on COL1A1 expression (Fig. 1B).
The interaction term of cell type and culture condition was
only significant for COL2A1. The two growth factor groups
investigated were a subset of those studied in the alginate bead
system and both included 10 ng=mL TGF-b3 plus 100 nM
DEX, with one group also containing 10 ng=mL BMP-6.

In CDM constructs, AGC1 upregulation was higher in
MSCs than in ASCs ( p< 0.05) and was significantly higher in
the growth factor conditions as compared to control
( p< 0.001), with no difference between the two groups. The
highest AGC1 upregulation over day 0 cells was the MSC
TGF-b3-only group with a 217-fold increase. COL2A1 expres-
sion was enhanced in the growth factor groups over control
conditions for both cell types ( p< 0.001), but to a much
greater degree in MSCs with an average increase of 23,927-
fold over day 0 cells for MSCs and 74-fold for ASCs.

For COL10A1 expression, MSCs had significantly higher
upregulation than ASCs in CDM constructs ( p< 0.001) and the
growth factors induced higher COL10A1 expression as com-
pared to the control conditions ( p< 0.001). Finally, COL1A1
expression was higher in MSCs than in ASCs ( p< 0.001),
but there was no difference among the medium conditions
( p> 0.05).

Figure 2 depicts the gross appearance of the CDM scaf-
folds after 28 days of culture. The texture of the scaffolds in
the growth factor groups is altered and is smoother than the
seeded constructs cultured in control conditions or the un-
seeded construct. There was contraction of the CDM scaffolds
as compared to the 6-mm-diameter starting scaffold, with the
most contraction occurring in growth factor–treated groups.

The viability and cell proliferation was measured by using
dsDNA as a surrogate and is expressed as the percentage of
each cell type’s starting DNA (Fig. 3). The amount of sulfated
GAG was measured using the DMMB assay and is presented
both in terms of total GAG and GAG per DNA (Fig. 3). In
both the alginate bead and CDM systems, MSCs had sig-
nificantly higher DNA values as compared to ASCs under
each culture condition ( p< 0.05). The highest values in algi-
nate beads were seen in the TGF-b3 and BMP-6 group, with
126% of day 0 DNA in MSCs and 46% in ASCs, and the
highest values in the CDM were seen in the TGF-b3-only
group, with 277% in MSCs and 98% in ASCs. Total GAG
production in the alginate beads was higher in the MSCs than
in ASCs for both conditions containing TGF-b3 ( p< 0.001),
but was higher in the ASCs for the 500 ng=mL BMP-6 group
( p< 0.001). Total GAG production in the CDM was higher in
the MSCs under all conditions ( p< 0.05), and was highest in
the TGF-b3-only group (316mg for MSCs and 134 mg for
ASCs). The trends were slightly altered in the alginate beads
when GAG production was normalized to DNA content,
as GAG per DNA was higher in ASCs than in MSCs for
the TGF-b3-only group in addition to the BMP-6 group
( p< 0.001).

The immunohistochemical staining of day 28 CDM scaf-
folds for type I, II, and X collagens, as well as chondroitin-4-
sulfate, is shown in Figure 4. All scaffolds demonstrate
staining for type II collagen and chondroitin-4-sulfate with
minimal staining for type I and X collagens. The native
porcine matrix is still present at 28 days and partially contrib-
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FIG. 2. Gross appearance of CDM scaffolds seeded with ASCs or MSCs under control, transforming growth factor b (TGF-
b), and TGF-b plus bone morphogenetic protein 6 (BMP-6) conditions (as labeled) at day 28. An unseeded CDM construct at
day 0 and an unseeded construct cultured for 28 days are also shown. Scale bar is 2 mm. Color images available online at
www.liebertonline.com=ten.

FIG. 3. Percentage of day 0 DNA, total glycosaminoglycan (GAG) content (mg), and glycosaminoglycan content per DNA
(mg=mg) for (A) alginate bead and (B) CDM constructs seeded with ASCs or MSCs (as labeled). Groups not sharing a letter are
significantly different by Fisher PLSD post hoc. Asterisk indicates that the medium condition is significantly different from
control by ANOVA. Error bars represent standard error of the mean.
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utes to the positive staining for the extracellular matrix
proteins of cartilage. Cell-seeded scaffolds demonstrated en-
hanced retention of native matrix as compared to the un-
seeded CDM scaffold. Neotissue was synthesized by both
ASCs and MSCs in response to growth factor conditions and
was clearly distinguished from native matrix by intensity of
staining as well as texture. The neotissue was more abundant
in MSC-seeded scaffolds as compared to ASCs, with matrix

staining positive for type II collagen and chondroitin-4-
sulfate completely filling in the CDM in response to TGF-b3.
The two growth factor groups, TGF-b3 and TGF-b3 plus
BMP-6, elicited generally similar matrix deposition from
both cell types, with the exception that MSC synthesis of
chondroitin-4-sulfate appeared to be stronger in the TGF-b3-
only group. Type I collagen staining was detected in the
neotissue at similar levels for each scaffold but was not nearly

FIG. 4. Immunohistochemistry for type II collagen, chondroitin-4-sulfate, type X collagen, and type I collagen. CDM seeded
with ASCs or MSCs under control, TGF-b, and TGF-b plus BMP-6 conditions (as labeled) at day 28. A human osteochondral
plug is the positive control and an unseeded CDM construct cultured for 28 days is provided as an additional control.
Pictures are 4�magnification with 200-mm scale bar. Color images available online at www.liebertonline.com=ten.
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as abundant as type II collagen. No significant staining for
type X collagen was observed. High-magnification images of
safranin-O=fast-green–stained sections indicated that the cell
morphology of MSCs had become rounded in response to
growth factors, while the ASCs appeared to remain spindle
shaped (Fig. 5).

Experiments were performed to evaluate the effect of se-
rum on ASCs and MSCs during differentiation (Fig. 6). In the
CDM system, the extent of new matrix production was not
significantly altered by serum (Fig. 6B), but gross appearance
suggested that 10% serum did affect the culture system by
enhancing cell-mediated contraction (Fig. 6A). In the alginate
bead system, ASCs produced more type II collagen in re-
sponse to TGF-b when 10% serum was included (Fig. 6C).
MSCs produced less type II collagen in response to TGF-b
when serum was present.

Discussion

Adult stem cells from adipose tissue (ASCs) and bone mar-
row (MSCs) underwent chondrogenic induction by growth
factors in both alginate bead culture and CDM scaffolds,
demonstrating upregulation of cartilage-specific genes and
the synthesis of cartilaginous proteins. Under the conditions
used in this study, MSCs demonstrated an overall greater

chondrogenic response than ASCs as indicated by higher
COL2A1 upregulation and more extensive matrix synthesis
across all medium conditions in both alginate beads and CDM.
However, the level of induction of chondrogenic genes was
highly dependent on the exact culture conditions used in
each experiment. Thus, the conclusion that MSCs are inher-
ently more chondrogenic than ASCs is not warranted from
this work or similar comparison studies due to the strong
dependence of results on the monolayer expansion,51 three-
dimensional culture conditions,21,24 and time point of anal-
ysis.18,28,33 Optimal conditions for both cell types remain to
be discovered over time, but this study was not designed for
that goal. Instead, we sought to demonstrate the unique
nature of MSCs and ASCs through divergent responses to
chondrogenic growth factors and extracellular matrices. Our
findings also show that CDM may provide a novel culture
system for the study of stem cell chondrogenesis, alone or in
combination with exogenous growth factors.

While ASCs and MSCs exhibited many of the same trends
inresponse tochondrogenic induction, somedistinct responses
to the specific growth factors used in alginate bead culture
were observed. ASCs had significantly higher AGC1 up-
regulation in response to BMP-6 than to TGF-b, while the
opposite was true for MSCs (Fig. 1). This trend was sup-
ported by GAG content when normalized for DNA content

FIG. 5. Safranin-O=fast-green staining with hematoxylin counterstain. CDM seeded with ASCs or MSCs under control,
TGF-b, and TGF-b plus BMP-6 conditions (as labeled) at day 28. A human osteochondral plug is the positive control, and an
unseeded CDM construct cultured for 28 days is provided as an additional control. The area for detailed view was selected
from the middle of construct with the most intense proteoglycan staining and visible cell morphology. Pictures are 40�
magnification with 20-mm scale bar. Color images available online at www.liebertonline.com=ten.
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but not when total GAG content was used due to the low cell
viability in the ASCs BMP-6 group (Fig. 3). The large response
of ASCs to high-dose BMP-6 supports previous work.34

MSCs showed a stronger propensity than ASCs toward a
hypertrophic chondrocyte phenotype, as observed by the
upregulation of COL1A1 and COL10A1 without the addition

of growth factors. However, both cell types showed similar
upregulation of these genes in response to growth factor
supplementation as compared to control conditions (Fig. 1).
Enhanced COL10A1 in MSCs as compared to ASCs has been
seen by others.22,27,28 Interestingly, higher COL10A1 upre-
gulation in MSCs appears to be in response to three-
dimensional conditions and not monolayer expansion, as we
saw a threefold higher COL10A1 copy number in ASCs than
MSCs at day 0 (data not shown). A high dose of BMP-6 in
addition to TGF-b has been shown to cause upregulation of
COL10A1 in MSCs,52 whereas BMP-6 alone caused a down-
regulation of COL10A1 in ASCs.34 Our data in alginate beads
illustrate that 500 ng=mL BMP-6 without TGF-b resulted in
COL10A1 expression similar to control values in ASCs and
slightly downregulated compared to control for MSCs, but
that TGF-b induced significant COL10A1 upregulation in
both ASCs and MSCs (Fig. 1A).

An important finding of this study was the comparison of
the chondrogenic potential of ASCs and MSCs in a scaffold
derived from native cartilage. Immunohistochemistry for
type II collagen and chondroitin-4-sulfate indicated that
MSCs seeded in CDM synthesized abundant new cartilagi-
nous matrix that filled in any open areas of the native porcine
cartilage scaffold (Fig. 4). New matrix was also seen in ASC
constructs but had not fully filled in the CDM scaffold by the
28 day time point (Fig. 4). Part of the enhanced matrix syn-
thesis may be explained by the increased proliferation of
MSCs as compared to ASCs, although GAG=DNA measures
indicate significantly higher GAG synthesis when controlled
for cell number as well as total GAG content (Fig. 3). MSCs in
growth factor conditions adopted a spherical morphology
among the neotissue, while ASCs retained the elongated
phenotype characteristic of monolayer culture (Fig. 5). The
cell type differences in immunohistochemical results corre-
lated to growth factor–induced gene expression data at day
14, as significantly greater upregulation in COL2A1 and
AGC1 was seen in MSCs than in ASCs (Fig. 1).

In general, similar results were seen in terms of gene ex-
pression and biochemical assays between the alginate bead
system and CDM, although viability=cell proliferation was
enhanced in the CDM. MSCs had a different response to
growth factors in the two model systems. In the alginate
beads, both percentage of day 0 DNA and total GAG content
were significantly higher in the dual cocktail of TGF-b and
BMP-6 as compared to TGF-b alone, whereas TGF-b alone
had higher viability and higher (although not statistically
significant) GAG as compared to the dual cocktail in CDM
(Fig. 3). The CDM also limited MSC upregulation of
COL10A1 in response to conditions containing TGF-b (33.36
average fold increase over control in CDM vs. 57.76 in
alginate beads) without decreasing the upregulation of
COL2A1 (35,187 average fold increase over control in CDM
vs. 14,031 in alginate beads). This was supported by the
absence of extensive staining for type X collagen in the CDM
scaffolds at day 28 (Fig. 4). The observation that cell–matrix
interactions may limit the hypertrophic phenotype during
MSC chondrogenesis could be important for future work. The
hypertrophic chondrocyte phenotype during chondrogenic
differentiation has been well documented for MSCs,53,54 and
ongoing work is attempting to address it.25 A recent study
demonstrated that adult stem cells from bone marrow, adi-
pose tissue, and synovium all demonstrated some degree of

FIG. 6. CDM and alginate constructs cultured in the pres-
ence of 10% fetal bovine serum or in serum-free conditions
(as labeled) for 28 days. (A) Gross appearance of ASC- or
MSC-seeded CDM constructs in control conditions contain-
ing 100 nM Dex. (B) Type II collagen immunohistochemistry
of ASC- or MSC-seeded CDM constructs in control condi-
tions containing 100 nM Dex. (C) Type II collagen immuno-
histochemistry of ASC- or MSC-seeded alginate bead
constructs cultured with 10 ng=mL TGF-b3 and 100 nM Dex.
Scale bars are 2 mm for (A) and 200 mm for (B) and (C). Color
images available online at www.liebertonline.com=ten.
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calcification in vivo after in vitro growth factor–based chon-
drogenesis.55

For both ASCs and MSCs, the CDM without exogenously
added growth factors induced minimal new matrix synthesis
and no upregulation in chondrogenic gene expression, il-
lustrating the importance of growth factor supplementation.
Previous work using CDM indicated that significant chon-
drogenic induction of ASCs can be achieved without the use
of growth factors.36 One difference between the studies is
that the current study was serum free during differentiation,
whereas the previous work included 10% FBS throughout
the culture period. Thus, the presence of a variety of growth
factors and cytokines in serum may significantly influence,
and potentially interact with, the effects of the CDM on chon-
drogenesis. While this study saw effects of serum on con-
traction (Fig. 6A) but not matrix production (Fig. 6B), serum
has been shown to be inhibitory to cartilage production in
synovial fibroblast56,57 and chondrocyte culture.58 Serum-
free chondrogenic conditions have been standard for MSC
culture ever since early observations in rabbit MSCs that
pellets did not form in the presence of 10% serum.35 ASCs
have been successfully differentiated down a chondrogenic
lineage in 10% serum in alginate beads34,49 and in 1% serum
in micromass culture.5 The current study demonstrated that
in alginate beads treated with TGF-b, ASCs produced more
type II collagen in the presence of serum, while MSCs pro-
duced more type II collagen without serum (Fig. 6C). Simi-
larly, ASCs show enhanced AGC1 expression in control
conditions if 10% FBS is present (data not shown). While
further study is needed to confirm the observation that ASCs
differentiate at least as well in the presence of serum, the
present findings taken together with previous literature
suggest that responsiveness to serum may be another pos-
sible difference between the two cell types. A second dif-
ference between this study and that of Cheng et al.36 is the
greater degree of contraction seen during culture in the pres-
ent study, even though serum-free conditions were used. The
mechanical properties of the specific CDM scaffolds could
affect chondrogenic differentiation, as mechanical cues such
as substrate stiffness59 and cell shape60 have been shown to
affect stem cell differentiation toward other lineages.

The guiding hypothesis that ASCs and MSCs are unique
cell types that respond to different culture conditions led us
to choose to expand each cell type in monolayer conditions
that have been shown to be effective at priming that partic-
ular cell type for chondrogenesis instead of using identical
culture conditions.51,61 For example, lot-selected FBS specific
to each cell type was used, with the MSC serum chosen by a
rigorous selection process described elsewhere.47 Since bFGF
has been demonstrated to have substantial effects on
downstream chondrogenesis in both MSCs and ASCs,61,62

both cell types were expanded in the presence of 1 ng=mL
bFGF.

In summary, MSCs demonstrated more robust chon-
drogenesis and a greater tendency to display the hypertro-
phic chondrocyte phenotype under the specific conditions
studied, although these results do not speak to the intrinsic
chondrogenic potential that is ultimately possible for the two
cell types. This study supports previous work illustrating the
distinct nature of ASCs and MSCs by their responses to
different growth factors and culture conditions. This work
also establishes the potential for CDM scaffolds as a valuable

model for comparing stem cell chondrogenesis across dif-
ferent tissue sources.
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