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Abstract: Human mesenchymal stem cells (hMSCs) can
differentiate into cells of connective tissue lineages, includ-
ing cartilage. To overcome the limiting autogenous chon-
drocyte populations available in cartilage repair, various
methods have been developed to maximize chondrogenesis
of hMSCs in vitro, most of which use cells derived from
primary culture. In this study, we compared chondrogenesis
of immortalized hMSCs embedded in collagen gel to those
grown in pellet culture. The hMSCs in collagen scaffolds
expressed more glycosaminoglycan than those in pellet
culture. Real-time reverse transcriptase–polymerase chain
reaction (RT–PCR) analysis demonstrated that the expres-
sion of genes encoding sox-9, aggrecan, and types I and II
collagen increased in pellet culture over time. However, in
the collagen cultures, only type II collagen and aggrecan
expression increased over time, whereas sox-9 expression
remained unchanged and type I collagen expression
decreased. These results indicate that the immortalized
hMSC line is a promising tool for further in vitro chondro-
genic studies. Key Words: Human mesenchymal stem

cells—Cartilage tissue repair—Collagen scaffold—Bio-
degradable materials—Chondrogenesis.

Chondrocytes and mesenchymal stem cells (MSCs)
are the predominant cell sources for cartilage tissue
engineering. However, because of the limited prolif-
eration ability of chondrocytes and their potential for
loss of phenotype during monolayer expansion (1,2),
MSCs have become an attractive cell source.

Many methods have been used in chondrogenic
induction of MSCs. Two commonly used methods are
pellet culture and culturing in alginate beads or
layers (3–6). The pellet culture method yields high
cell density, which mimics the environment of embry-
onic cartilage development. However, this method
results in a tightly aggregated cell mass with a large
amount of cells forming only a small volume of tissue.
Therefore, the number of cells needed to repair a
large area of defective cartilage is considerable, and
this problem is exacerbated by the fact that large
pellets exhibit a periphery of viable cells, but the
pellet center becomes necrotic (7). Also, pellets are
difficult to handle and to mold into the various shapes
needed for defect repair. These issues make pellet
culture impractical for surgical applications.

Embedding human MSCs (hMSCs) in alginate or
agarose gels (8,9) has resulted in samples that could
be cast into various shapes and that achieve substan-
tial chondrogenesis. However, these hydrogels are
not readily digestible by endogenous collagenase. A
previous report (10) has shown that the gene encod-
ing type II collagen was more strongly expressed in
the alginate bead system than in the pellet culture
system. In addition, the specific gene for hypertro-
phic cartilage, collagen type X, was more rapidly
expressed in the pellet system than in the alginate
bead culture system. However, the drawbacks to
using alginate scaffolds for cartilage tissue engineer-
ing include poor cell adhesion (11) and uncontrol-
lable degradation of alginate following the diffusion
of divalent cations into the surrounding medium (12).
In addition, in vivo applications of alginate matrices
have yielded severe foreign body giant cell reactions
and immunological responses when implanted to
treat full-thickness defects in cartilage in experimen-
tal animals (13,14). Hence, alginate matrices have not
been employed in human patients for articular carti-
lage repair.
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Collagen fibrils have a cell adhesion surface that
transmits the biological information required for their
function. Furthermore, the degradation products of
collagen are physiological and nontoxic. Thus, type I
collagen has generally been utilized as a carrier for
chondrocytes or MSCs (15–17). The chondrogenesis
of MSCs in collagen scaffolds has been examined in
vivo, but in vitro studies have seldom been reported
(18). In this study, we chose collagen to study MSC
chondrogenic ability in vitro and compared the results
to those obtained with the pellet culture system.

Most of the hMSCs used in previous cartilage
tissue engineering studies were derived from primary
cell cultures (3–5). Primary cells harvested from
patients may have disease- or age-related differences
such that results may be donor specific. We therefore
chose to use an immortalized hMSC line to provide
more consistent results for parametric studies
designed to optimize tissue engineering procedures.
The multi-lineage differentiation ability of this cell
line has been reported (19), but chondrogenesis was
only measured using Alcian blue staining and reverse
transcription–polymerase chain reaction (RT–PCR)
analysis of col2a1 expression. Therefore, in our
current study, we compared hMSC chondrogenesis
in pellet culture and collagen embedding systems
via hematoxylin and eosin staining, immunohis-
tochemistry, real-time RT–PCR, and analysis of gly-
cosaminoglycan (GAG) content.

MATERIALS AND METHODS

Cell culture and expansion of hMSCs
The KP–hMSC line, an immortalized hMSC line,

was cultured as described (19). Cells were cultured
in Dulbecco’s modified Eagle’s medium with low
glucose (DMEM–LG; GIBCO, Grand Island, NY,
USA) containing 100 U/mL penicillin, 10 mg/mL
streptomycin, 0.25 mg/mL amphotericin B, and 10%
fetal bovine serum (Biological Industries, Kibbutz
Beit Haemek, Israel) at 37°C under 5% carbon
dioxide and 95% humidity.The medium was changed
twice a week. Cells were trypsinized and subcultured
at a ratio of 1:3 every week.

Pellet formation and chondrogenic induction
KP–hMSC cultures were trypsinized, and 4 ¥ 105

cells were centrifuged at 500 ¥ g for 10 min.Cells were
left in pellet form in the tubes overnight and became
aggregated. The culture medium was replaced with
chondrogenic medium, consisting of serum-free
DMEM–LG containing ITS+ Premix (6.25 mg/mL
each of insulin, transferrin, and selenous acid;
1.25 mg/mL bovine serum albumin; and 5.35 mg/mL

linoleic acid; Sigma, St. Louis, MO, USA), 50 mg/mL
l-ascorbic acid-2-phosphate (Sigma), 0.1 mM dexam-
ethasone (Sigma), and 10 ng/mL TGF-b1 (Pepro-
Tech, Rocky Hill, NJ, USA). The pellet medium was
changed every 3 days, and cell pellets were cultured
for 7, 14, or 21 days with chondrogenic medium prior
to analysis. Cells cultured in DMEM–LG containing
only antibiotics and fetal bovine serum for 21 days
were used as the pellet control. All pellets were cul-
tured in 15 mL conical centrifuge tubes.

Embedding hMSCs in an atelocollagen gel
Trypsinized hMSCs were embedded in Porcogen

collagen solution (3% type I collagen, SunMax
Biotech., Tainan County, Taiwan) containing chon-
drogenic medium. Eight volumes of Porcogen
solution were added to 1 volume of DMEM–LG con-
centrated 10-fold, and 1 volume of 0.05 N NaOH,
2.2% NaHCO3, and 200 mM HEPES with gentle agi-
tation at 0°C. Cells were dispersed in the collagen
medium mixture (final cell density = 2 ¥ 106 cells/mL),
and 0.5 mL aliquots were allowed to gel in 24-well
plates at 37°C for 1 h followed by the addition of
2.0 mL chondrogenic differentiation medium per
well. The medium was changed every 3 days. The
cell/collagen mixtures were analyzed 7,14,and 21 days
after cell seeding. Cell/collagen mixtures grown in
DMEM–LG containing only antibiotics and fetal
bovine serum for 21 days were used as the gel control.

Histological analysis
Both pellets and cell/collagen constructs were har-

vested after 7, 14, or 21 days of culture and fixed in
10% formalin for 2 h at room temperature. The fixed
pellets were dehydrated in increasing concentrations
of ethanol, and cleared in xylene prior to embedding
in paraffin. Sections of 5 mm were cut, deparaffinized,
and rehydrated by sequential immersion in 100%
xylene, 100% ethanol, 70% ethanol, and water.
Hematoxylin and eosin staining (Muto,Tokyo, Japan)
of sample sections was used to evaluate cell morphol-
ogy in the pellets. Sulfated GAG was visualized by
staining with Alcian blue (Sigma).

Immunohistochemical analysis
Cell pellet and cell/collagen constructs were incu-

bated in 0.3% H2O2 in methanol at room tempera-
ture for 15 min to block the activity of endogenous
peroxidase. Nonspecific antibody binding was
blocked by incubation of sections in 10% normal
goat serum for 30 min. Sections were then incubated
with mouse anti-human type I collagen monoclonal
antibody (1:100 dilution, Abcam Limited, Cam-
bridge, UK) or polyclonal rabbit anti-human type II
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collagen (1:30 dilution, Novocastra Laboratories
Ltd., Newcastle upon Tyne, UK) at room temperature
for 1 h. Staining was then visualized using the nonbi-
otin technique (Non-Biotin Detection kit HRP/DAB,
BioGenex, San Ramon, CA, USA).

Total GAG and DNA measurement
Cell pellet and cell/collagen samples from days 7,

14, and 21 were washed with phosphate-buffered
saline and digested with 0.5 mL of digest buffer
(1 mg/mL papain, 55 mM sodium citrate, 150 mM
sodium chloride, 5 mM cysteine hydrochloride, 5 mM
ethylenediaminetetraacetic acid [EDTA], pH 7.5) at
60°C for 16 h (all reagents were purchased from
Sigma). Chondroitin 4-sulfate purified from bovine
trachea (Blyscan Assay, Biocolor Ltd., Belfast,
Northern Ireland) was used as a control. Standards
and samples (40 mL) were added to wells of a
96-well plate; 250 mL of 1,9 dimethylmethylene blue
(DMMB) solution was added to each well; and absor-
bance at 595 nm was determined using a microplate
reader (VersaMax, Molecular Devices, Sunnyvale,
CA, USA).

For DNA quantification, a standard curve was gen-
erated using double-stranded calf thymus DNA dis-
solved in PBE (100 mM Na2HPO4, 5 mM EDTA, pH
7.5). Papain-digested samples were diluted with PBE.
Standards and samples (40 mL) were added in dupli-
cate to wells of a 96-well plate to which 200 mL of
0.2 mg/mL Hoechst 33258 dye (Sigma, St. Louise, Mis-
souri, USA) in TN buffer (50 mM Tris, 150 mM NaCl,
pH 7.5) had been added. Excitation (360 nm) and
emission (460 nm) for each sample were monitored
using a Gemini II fluorescence plate reader (Molecu-
lar Devices). Analysis of variance was used for statis-
tical analysis.

RNA isolation and RT–PCR analysis of
gene expression

Total RNA was isolated using the RNeasy purifica-
tion system according to the manufacturer’s instruc-
tions (Qiagen,Valencia, CA, USA).Total RNA (1 mg)
was reverse transcribed using Superscript II RT
(Invitrogen, Carlsbad, CA, USA). Gene expression
was analyzed by real-time RT–PCR using an ABI
Prism 7900HT sequence detection system (Applied
Biosystems, Foster City, CA, USA). Primers for detec-
tion of human glyceraldehyde-3-phosphate dehydro-
genase (endogenous control), aggrecan, sox-9, and
collagen types I and II cDNAs were purchased from
Applied Biosystems.A cycle threshold (Ct) value was
obtained for each sample,and triplicate sample values
were averaged. The 2–DDCt method was used to calcu-
late relative expression of each target gene.

RESULTS

The engineered tissue constructs in collagen gels
were generally larger than those in pellets. Histologi-
cal analysis showed, however, that cells in collagen
gels were less densely packed than in pellets (Fig. 1);
Alcian blue staining (Fig. 1A–C) indicated an
increase in sulfated GAG production from days 7 to
21 in cell/collagen culture. The increase of sulfated
GAG production from days 7 to 21 in cell pellet
culture was also observed by comparing the Alcian
blue staining in Fig. 1D–F. Chondrocyte-like appear-
ance with lacuna formation was occasionally
observed in cell/collagen constructs (Fig. 1B, arrows),
but not in the pellet or control groups. Immunohis-
tochemical staining for type II collagen in both
culture types is shown in Fig. 1G,H. DMMB staining
to determine total GAG content is shown in Fig. 2.
Cells in collagen gel culture produced significantly
more (P < 0.05) GAG than cells in the pellet culture.

Temporal expression of genes involved in chondro-
genesis was analyzed using real-time RT–PCR, as
shown in Fig. 3. In the pellet culture (Fig. 3A), expres-
sion of type I collagen, type II collagen, aggrecan, and
sox-9 increased over the 21-day test period relative to
the pellet controls which lacked chondrogenic stimuli
in the growth medium. In the cell/collagen construct
(Fig. 3B), only type II collagen and aggrecan expres-
sion increased over the 21-day period.Type I collagen
expression in the cell/collagen constructs initially
increased eightfold by day 7, but gradually decreased
to approximately fivefold by day 21. The expression
of the sox-9 gene decreased the first 7 days and
remained lower than the control throughout the
experiment.

DISCUSSION

A previous study using Alcian blue staining of
GAGs and real-time RT–PCR analysis of COL 2a1
expression suggested that the immortalized KP–
hMSC line was capable of chondrogenic differentia-
tion (20). Here, we have expanded the real-time
RT–PCR analysis to include other chondrogenic
marker genes, and compared their expression and
GAG content in cell pellet and collagen embedding
systems commonly used for cartilage tissue engineer-
ing. The data show that GAG content increased over
a 21-day period (Figs. 1 and 2). Likewise, real-time
RT–PCR analysis revealed that expression of the
aggrecan and type II collagen genes increased over
the same period (Fig. 3). This is in agreement with a
study by Yoneno et al. (18), in which GAG content
was examined and real-time PCR was used to deter-
mine mRNA levels of collagen types II and X after
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chondrogenic stimulation of collagen-embedded
hMSCs believed to be from primary cell culture.
Although type X collagen was not tested in our study,
Yoneno et al. demonstrated that type X collagen
mRNA increased until day 15 and decreased
thereafter. Barry et al. (20) analyzed chondrogenic
differentiation of primary hMSCs in pellet culture
using RT–PCR, and determined that type I collagen
mRNA was uniformly detected in the undifferenti-
ated cells and throughout differentiation, but type II
collagen mRNA was only detected after 8 days in
pellet culture and gradually increased thereafter. In
addition, AGN expression reached consistent levels
within 4–5 days in the pellet culture system of Barry
et al. These discrepancies between our results and
previous literatures likely reflect differences between
primary and immortalized cell cultures, and/or differ-
ences between techniques used to detect transcript
levels.

FIG. 1. Alcian blue staining and immunohistochemistry of hMSCs grown in collagen gel and pellet culture systems. Staining of sulfated
GAGs from collagen gel (A–C) and pellet (D–F) culture systems grown in chondrogenic medium for 7 (A, D), 14 (B, E), and 21 (C, F) days.
Cells were counterstained with eosin Y in red. Scale bars in (A–C) are 100 mm; scale bars in (D–F) are 50 mm. Immunohistochemical
staining of type II collagen from collagen gel (G) and pellet (H) culture systems grown in chondrogenic medium for 21 days is indicated
by a reddish brown color. Scale bars in panels G and H are 100 and 50 mm, respectively.

FIG. 2. Comparison of total GAG content from collagen gel
culture and pellet culture systems. Total GAG content in the
cell/collagen constructs (black) and pellets (gray) was normalized
to total DNA content. Data shown are an average of triplicate
(n = 3) samples. Data are averages (� standard deviation) of
three experiments in which triplicate samples were assessed.
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Importantly, we have demonstrated that chondro-
genesis of hMSC can be induced in the collagen gel
system, which is a commonly used scaffold material
for cartilage tissue repair. The collagen culture was
superior to the pellet culture because cells in the
collagen gel had more GAG expression per unit DNA
(Fig. 2) and more lacuna formation (Fig. 1B). In addi-
tion, the initially high expression of type I collagen
gene decreased over time, whereas type II collagen
gene expression in the collagen matrix increased
gradually over time (Fig. 3B). Excess type I collagen
production in repaired cartilage induces fibrocartilage
formation, suggesting that the collagen gel system is
favorable for hyaline cartilage formation.The amount
of type I collagen secretion depends on the rate at
which the MSCs differentiate.A variety of hormones,

growth factors, and local factors may be able to regu-
late type I collagen secretion (21).The type I collagen
gel used in this study was made from porcine epithelial
tissues according to the manufacturer’s specification.
It might contain trace amounts of growth factors or
hormones that induced MSC to express type I col-
lagen and result in the initial increase of type I col-
lagen mRNA expression. As the amount of trace
hormones and growth factors dissolved into media
over time and were removed through media replace-
ment, type I collagen gene expression decreased as
well. Bosnakovski et al. (22) observed similar results.
They contributed the result to the interaction between
a2 integrin subunit on type I collagen and the collagen
type I receptor on MSCs. The interaction leads to
MSCs’ osteoblastic differentiation, and thus, the
increase of mRNA of type I collagen.

sox-9 expression is important for chondrogenic dif-
ferentiation after mesenchymal condensation, and
inhibits the transition from chondrocyte proliferation
to hypertrophy (23), a process that is detrimental to
tissue engineering because it can lead to apoptosis,
vascular invasion, and calcification. Our analysis indi-
cated that sox-9 expression remained low in the col-
lagen embedding system, but increased in the pellet
culture system. Although Yoneno et al.’s study (18)
showed decreased type X collagen expression after
a 15-day culture period and no chondrocyte hypertro-
phy using the collagen embedding system, the low
expression of sox-9 measured in our present study
raises the concern that the collagen embedding system
may compromise the inhibition of chondrocyte hyper-
trophy. Currently, methods to inhibit chondrocyte
hypertrophy from MSC chondrogenesis in pellet
culture are imperfect (4,24), and thus further study is
necessary to clarify the hypertrophy of MSC chondro-
genesis using the collagen embedding method.

CONCLUSION

Our study shows that, like MSCs from primary
culture, immortalized hMSCs can be used for chon-
drogenic studies in both pellet and collagen embed-
ding systems, and are therefore a promising tool for
further chondrogenic studies. Our results indicate
that the collagen culture system seems to be superior
to pellet culture, but the data also raise concerns
about the hypertrophy of MSC chondrogenesis in
this method.

Acknowledgments: We thank the National Science
Council of Taiwan (NSC-96-2627-B-002-001) and Far
Eastern Memorial Hospital (FEMH-95-C-006) for
financial support.

FIG. 3. Real-time RT–PCR analysis to compare gene expres-
sion profiles from collagen gel culture and pellet culture systems.
RT–PCR analysis of various gene transcripts from hMSCs cul-
tured in pellets (A) or in collagen gels (B). Pellet7, Pellet14, and
Pellet21 represent pellet samples cultured in chondrogenic
medium for 7, 14, or 21 days, respectively. PC is pellet control
lacking chondrogenic stimulation. Gel7, Gel14, and Gel21 repre-
sent collagen gel samples cultured in chondrogenic medium for
7, 14, or 21 days, respectively. GC is collagen gel control lacking
chondrogenic stimulation. COL 1a1, type I collagen; COL 2a1,
type II collagen; AGN, aggrecan. (*P < 0.05.)
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Laboratory Performance Testing of Venous
Cannulae During Inlet Obstruction
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Abstract: Venous cannulae undergo continuous improve-
ments to achieve better and safer venous drainage.
Several cannula tests have been reported, though cannula
performance during inlet obstruction has never been a
test criterion. In this study, five different cannulae for
proximal venous drainage were tested in a mock circula-
tion that enabled measurement of hydraulic conductance
after inlet obstruction by vessel collapse. Values for
hydraulic conductance ranged from 1.11 ¥ 10–2 L/min/
mm Hg for a Thin-Flex Single Stage Venous Cannula with
an open-end lighthouse tip to 1.55 ¥ 10–2 L/min/mm Hg
for a DLP VAD Venous Cannula featuring a swirled tip
profile, showing a difference that amounts to nearly 40%
of the lowest conductance value. Excessive venous drain-
age results in potentially dangerous high-negative venous
line pressures independent of cannula design. Cannula
tip design featuring swirled and grooved tip structures
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