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Cells derived from Wharton’s jelly from human umbilical cords (called umbilical cord mesenchymal stromal cells
herein) are a novel cell source for musculoskeletal tissue engineering. In this study, we examined the effects of
different seeding densities on seeding efficiency, cell proliferation, biosynthesis, mechanical integrity, and chon-
drogenic differentiation. Cells were seeded on non-woven polyglycolic acid (PGA) meshes in an orbital shaker at
densities of 5, 25, or 50 million cells=mL and then statically cultured for 4 weeks in chondrogenic medium. At week
0, initial seeding density did not affect seeding efficiency. Throughout the 4-week culture period, absolute cell
numbers of the 25 and 50 million-cells=mL (higher density) groups were significantly larger than in the 5 million-
cells=mL (lower density) group. The presence of collagen types I and II and aggrecan was confirmed using
immunohistochemical staining. Glycosaminoglycan and collagen contents per construct in the higher-density
groups were significantly greater than in the lower-density group. Constructs in the high-density groups main-
tained their mechanical integrity, which was confirmed using unconfined compression testing. In conclusion,
human umbilical cord cells demonstrated the potential for chondrogenic differentiation in three-dimensional
tissue engineering, and higher seeding densities better promoted biosynthesis and mechanical integrity, and thus a
seeding density of at least 25 million cells=mL is recommended for fibrocartilage tissue engineering with umbilical
cord mesenchymal stromal cells.

Introduction

Fibrocartilage is a primarily avascular tissue that is
distinctly different from fibrous tissues or hyaline carti-

lage.1,2 For example, fibrocartilage contains more type I col-
lagen and less type II collagen and proteoglycans than
hyaline cartilage.1 Tissue engineering of fibrocartilage, aim-
ing to create a functional replacement, offers promise for
regenerative medicine using fibrocartilage defects. Insuffi-
cient cell availability and the loss of cell phenotype during
in vitro expansion limit the approach of using differentiated
adult cells.3–6 Tissue engineering with mesenchymal stromal
cells (MSCs) is attractive because of their expansion ability
(self-renewal ability) and their ability to differentiate into
cartilage, bone, or other tissues in vitro.

Bone marrow–derived MSCs (BMSCs) are extensively used
in musculoskeletal tissue engineering. They differentiate into
multiple cell lineages, including bone, cartilage, and other
mesenchymal tissues, when exposed to specific growth fac-
tors.7–11 However, BMSCs have limited self-renewal ability
and an age-dependent decrease in cell availability and pro-
liferation. Furthermore, isolation of BMSCs requires an inva-

sive and painful surgical procedure. Recently, umbilical cord
MSCs (UCMSCs) have been shown to have extensive in vitro
expansion capability and the ability to differentiate into
mesenchymal cell lineages such as osteogenic, chondrogenic,
myogenic, and adipogenic.12–16 These cells are extracted
through enzyme digestion or explant culture method from
Wharton’s jelly of umbilical cords.17 The extraction yields
10�103 to 50�103 cells per cm of cord,15,18 which can be ex-
panded 300-fold for more than seven passages without the
loss of differentiation potential.15 UCMSCs have the appear-
ance of myofibroblasts in terms of positive staining for the
expression of vimentin, desmin, and=or alpha-smooth muscle
actin in native tissue or in vitro cultured cells.19–21 UCMSCs
possess markers found in BMSCs, including CD29, CD44,
CD90, CD105, and CD166.15,18 Moreover, the presence of
octamer (Oct)-4, Nanog, and Sox-2 transcription factors indi-
cated that a subpopulation of UCMSCs might share some
properties of embryonic and non-embryonic stem cells.22

Therefore, with the advantages of being easily obtained
from a normally discarded tissue, abundant supply, no donor
site morbidity, and expansion ability before senescence,
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UCMSCs are an attractive alternative for tissue engineering
and regenerative medicine.

Recently, human UCMSCs (hUCMSCs) have been pro-
posed for use in musculoskeletal tissue engineering.23 The
chondrogenic ability of hUCMSCs has been indicated using
Alcian blue staining14,16 and toluidine blue staining for
glycosaminoglycans (GAGs),15 picrosirius red staining and
Heidenhain’s azan staining for collagen,15,16 and immu-
nohistochemical staining for type I and II collagen.14,15 Our
previous study compared hUCMSCs and mandibular con-
dylar cartilage cells for tissue engineering mandibular
condylar cartilage, the first full study with hUCMSCs in three-
dimensional (3D) musculoskeletal tissue engineering.23 Both
types of cells were seeded on non-woven polyglycolic acid
(PGA) meshes using spinner flasks and then statically cul-
tured for 4 weeks in well plates containing chondrogenic or
control medium. The results demonstrated that hUCMSCs
can be induced to produce type I collagen, chondroitin sul-
fates, and other GAGs. hUCMSC constructs had more cells
and higher GAG production then the tissue-engineered con-
structs using condylar cartilage cells.

For tissue engineering using hUCMSCs, the initial cell
density is critical for cell growth and extracellular matrix
synthesis.24–26 A previous study with fibrocartilage cells dem-
onstrated that a lower cell density led to a loss of mechanical
integrity, whereas a higher density benefited collagen pro-
duction.25 The goal of the current study was to demonstrate
the fibrochondrogenic differentiation of hUCMSCs on non-
woven PGA scaffolds and evaluate the effects of initial cell
seeding density on cell number, biosynthesis, and biome-
chanical properties. We hypothesized that hUCMSCs would
form a fibrocartilage-like tissue with types I and II collagen
and aggrecan and that a higher seeding density would
maintain scaffold integrity and increase matrix synthesis per
construct and per cell.

Materials and Methods

Cell harvest

The Kansas State University human subject board ap-
proved human umbilical cord collection and cell harvests
(institutional review board approval no. 3966). Cells were
isolated using enzyme digestions as described by Weiss et al.18

with minor modifications. In brief, human umbilical cords
were collected and cut into 3- to 5-cm pieces, and then vessels
were removed from cord segments. Cord segments were in-
cubated in hyaluronidase (1 mg=mL; Catalog# H2126; Sigma,
St. Louis, MO) and collagenase type I (300 units=mL; Catalog#
17100-017; Invitrogen, Carlsbad, CA) for 1 h at 378C. After a
1-h incubation, the tissue pieces were crushed with tweezers
to release cells from Wharton’s jelly. The remaining segments
were moved to new centrifuge tubes containing 0.1% tryp-
sin=ethylenediaminetetraacetic acid for another 30 min of
incubation at 378C and were squeezed again to release
additional cells from Wharton’s jelly. Both vials containing
cells from Wharton’s jelly were combined and centrifuged
at 250� g for 5 min immediately after the second digestion.
The cells were resuspended and plated in 6-well plates
containing a low-serum medium at a density of 10,000
cells=cm2. The medium was composed of low-glucose Dul-
becco’s modified Eagle medium low-glucose Dulbecco’s
modified Eagle medium (DMEM; Catalog# 11885-092;

Invitrogen) and MCDB-201 medium (Catalog# 045k8310;
Sigma) supplemented with 1� insulin-transferrin-selenium
(Catalog# 51300-044; Invitrogen), 0.15% lipid-rich bovine se-
rum albumin (Catalog# 11020-021; Albumax, Invitrogen), 0.1
nM dexamethasone (Catalog# D2915; Sigma), 10 mM ascorbic
acid-2-phosphate (Catalog# A-8960; Sigma), 1� penicillin=
streptomycin (Catalog# 30-001-CI; Fisher Scientific, Pitts-
burgh, PA), 2% fetal bovine serum (FBS; Catalog# 16141079;
Invitrogen), 10 ng=mL recombinant human epidermal growth
factor (Catalog# 13247-051; Invitrogen), and 10 ng=mL human
platelet-derived growth factor BB (Catalog# 220-BB-050; R&D
Systems, Minneapolis, MN). Cells in the well plates were re-
corded as passage 0 (P0) and were fed every 2 to 3 days and
maintained in a cell culture incubator (NuAire, Autoflow, 5%
carbon dioxide, 378C, and 90% humidity). When cells had
reached 80% to 90% confluence, they were detached and
plated into 25-cm2 flasks. At P1, cells were resuspended at a
density of 1 million cells=mL of freezing medium, composed
of 90% FBS and 10% dimethyl sulfoxide (DMSO; Catalog#
61097-1000; Fisher Scientific). The cell suspension was trans-
ferred into cryotubes (Catalog# 5000-1020; Nalgene Labware,
Rochester, NY), which were stored in Mr. Frosty freezing
containers (Catalog# 5000-0001; Nalgene) at �808C overnight
and transferred to a liquid nitrogen cryogenic storage system
at �1968C for future use.

Cell seeding

Cells were thawed and expanded to P5 in the complete
medium containing low-glucose DMEM, 10% FBS (Catalog#
6472; StemCell Technologies), 1% penicillin=streptomycin
(Catalog# 15140-122; Invitrogen), and 1% non-essential amino
acids (Catalog# 11140-050; Invitrogen). Non-woven PGA
meshes (Concordia Manufacturing, Coventry, RI) were pun-
ched to round-shape scaffolds with a 5-mm diameter and 1.5-
mm thickness and then sterilized with ethylene oxide. After
sterilization, the scaffolds were aired under a fume hood for 1
day and then wetted with sterile filtered ethanol and two
washes of sterile phosphate buffered saline (PBS). The scaf-
folds were then soaked in complete medium for 1 day and
then removed for cell seeding. P5 hUCMSCs were seeded at
5, 25, and 50 million cells=mL of scaffold using orbital shak-
ers onto PGA scaffolds at 150 rpm for 24 h and allowed
to attach in the culture medium for another day. Finally,
the complete medium was replaced by 2 mL of chondro-
genic medium including high-glucose DMEM (Catalog#
10566-016; Invitrogen), 1% non-essential amino acids, 1�
insulin-transferrin-selenium premix (Catalog# 354350; BD
Biosciences, San Jose, CA), 10 ng=mL transforming growth
factor beta-1 (TGF-b1; Catalog# 100-21C; PeproTech, Rocky
Hill, NJ), 100 nM dexamethasone (Catalog# D4902; Sigma),
50 mg=mL ascorbic acid 2-phosphate (Catalog# A-8960; Sig-
ma), 100 mM sodium pyruvate (Catalog# SH3023901; Fisher
Scientific), and 40 mg=mL L-proline (Catalog# P5607-25G;
Sigma). This time point was recorded as week 0. Medium was
changed every other day for 4 weeks.

Biochemical analysis

At weeks 0, 2, and 4, constructs (n¼ 4) were digested by
adding 1.1 mL papain solution (120 mg=mL) at 608C over-
night, and then constructs were stored at �208C for bio-
chemical assays. Cell number was determined by measuring
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DNA content, which was accomplished according to a reac-
tion between PicoGreen and DNA using a kit with provided
DNA standards (Kit# P7589; Invitrogen). A conversion factor
of 8.5 pg DNA=cell was determined in preliminary studies.
Biosynthesis was evaluated by measuring total GAG and
collagen content. GAG content was measured using a di-
methylmethylene blue (DMMB) dye binding assay kit (Kit#
B1500; Biocolor; Newtownabbey, Northern Ireland). Chon-
droitin sulfate provided with the kit was used as the GAG
standard. From each sample, 100mL was added to 1 mL of
DMMB and allowed 30 min to bind. Solutions were then
centrifuged, supernatant was discarded, and the pellet was
resuspended and read at 656 nm. Hydroxyproline content
was determined using a modified hydroxyproline assay.27

Briefly, 400 mL of each sample was hydrolyzed with an
equal volume of 4N sodium hydroxide at 1218C for 30 min,
neutralized with an equal volume of 4N hydrochloric acid,
and then titrated to an approximate pH range between 6.5
and 7.0. One mL of this solution was combined with 0.5 mL
chloramine-T (14.1 g=L) in the buffer (50 g=L citric acid,
120 g=L sodium acetate trihydrate, 34 g=L sodium hydroxide,
and 12.5 g=L acetic acid). The resulting solution was then com-
bined with 0.5 mL of 1.17 mM p-dimethylaminobenzaldehyde
in perchloric acid and read at 550 nm.

Immunohistochemistry for types I and II collagen
and aggrecan

Immunohistochemical analysis was performed in a Bio-
Genex i6000 autostainer (BioGenex, San Ramon, CA). Frozen
sections of the 3D constructs (10mm) (n¼ 2) were rehydrated
with PBS for 5 min, and endogenous peroxidase activity was
inhibited using 1% hydrogen peroxide in methanol for 30 min.
The sections were then blocked in 3% horse serum for 20 min
and incubated with a primary antibody for 1 h. Primary an-
tibodies used in this study included the mouse monoclonal
immunoglobulin (IgG) anti-collagen I (1:1500 dilution; Cata-
log# BYA6520-1; Accurate Chemical and Scientific, Westbury,
NY), mouse monoclonal IgG anti-collagen II (1:1000 dilu-
tion; Catalog# 7005; Chondrex, Redmond, WA), and mouse
monoclonal IgG anti-aggrecan (1:50 dilution; Catalog#
ab3778-1; Abcam, Cambridge, MA). After primary antibody
incubation, the sections were incubated with a streptavidin-
linked horse anti-mouse IgG secondary antibody (Kit# PK-
6102; Vector Laboratories, Burlingame, CA) for 30 min. After
secondary antibody incubation, the sections were incubated
with avidin-biotinylated enzyme complex (Kit# PK-6102;
ABC complex; Vector Laboratories) for 30 min, and then VIP
substrate (purple color) (Catalog# SK-4600; Vector Labora-
tories) was applied on sections for 4 min. Protocols run with
the primary antibody omitted served as negative controls.

Mechanical integrity

At week 4, unconfined compression tests were performed
using a uniaxial testing apparatus (Instron 5848, Norwood,
MA). Hydrated samples (n¼ 4) were placed on the testing
platen in a custom-made bath, and a tare load of 0.01 N was
applied. The bath was then filled with 0.1 M PBS at 378C to
equilibrate under the tare load for 5 min. A 20% ramp strain
was then applied at 1 mm=min, followed by stress relaxation
for 1.5 h. Compressive elastic moduli were determined from
the strain–stress curve. The stress relaxation after the ramp

strain was fitted by the second-order generalized Kelvin
model as described by Fung:28

r(t)¼ER 1þ
� sr1

se1
� 1
�

exp (� t=se1
)

�

þ
� sr2

se2

� 1
�

exp (� t=se2
)

�
� e0

where ER is the equilibrium modulus, s(t) is the stress profile,
eo is the ramp strain, and ts and te are the creep and stress
relaxation time constants, respectively.

Statistical analysis

All data were expressed as means� standard deviations
and analyzed using analysis of variance (ANOVA) followed
by Tukey’s honestly significant difference post hoc tests. Two-
way ANOVAs with interaction were used to determine
whether there were differences between time points or seed-
ing densities. In addition, one-way ANOVAs were performed
specifically to compare the differences between groups at
specific time points or at specific densities. A statistical
threshold of p< 0.05 was used to indicate whether there were
statistically significant differences between groups.

Results

Scaffold morphology

After 4 weeks of culture, the dimensions of the scaffolds
had decreased to 20.8� 7.1% of the original volume at the
medium density and 57.2� 9.2% at the high density (Fig. 1A).
It was not possible to record accurate dimensions for the low-
density group because of the formation of tiny cell pellets with
irregular shapes and poor mechanical integrity. The volume
loss corresponded to an increase in the cell density of the
scaffolds (Fig. 1B). Cell densities in the medium- and high-
density groups each increased significantly from week 0 to
week 4 ( p< 0.05).

Cell number

There were no significant differences between the seeding
efficiencies, with 56.6� 0.9% at the low density, 57.3� 5.0%
at the medium density, and 54.7� 2.8% at the high density.
The cell numbers in all groups had moderate or signifi-
cant decreases over the 4-week culture time (Fig. 2), despite
the increase in cell density. All groups had a significant de-
crease in cell number between week 0 and week 2. Although
the low-seeding-density group had a significant decrease
from week 2 to week 4, there was no significant decrease in the
medium-seeding-density or high-seeding-density group be-
tween weeks 2 and 4. As expected, the high-density group
maintained higher cellularity than the medium-density group
over the culture period ( p< 0.05) (Fig. 2). At week 2, the high-
density group had 2.4 and 14.1 times as many cells as the
medium- ( p< 0.05) and low-( p< 0.05) density groups, re-
spectively. At week 4, the high-density group had 1.9 and 25.1
times as many cells as the medium- ( p< 0.05) and low-
( p< 0.05) density groups, respectively.

GAG and hydroxyproline content

There was a significant decrease in GAG content per con-
struct with all density groups from week 0 to week 4 (Fig. 3A).
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The low-density group at week 4 lost almost all GAG content
(<1mg), and GAG content per cell in the low-density group
fell as well (Fig. 3B). GAG content per cell in the low-density

group at week 0 was significantly higher than in the medium-
and high-density groups. However, GAG content per con-
struct of the medium- and high-density groups at week 4 were
62.7% and 72.9% of their values at week 0, respectively,
whereas there was no significant difference in GAG content
per cell between these two groups at any time point. The high-
density group possessed a higher GAG content per construct
than the low- and medium-density groups at every time point
( p< 0.05). At week 2, the constructs in the high-density group
had 2.9 and 15.4 times as many GAGs as the medium-
( p< 0.05) and low-( p< 0.05) density groups, respectively. At
week 4, the high-density group had 2.3 and 59.6 times as
many GAGs as the medium- ( p< 0.05) and low-( p< 0.05)
density groups, respectively.

Hydroxyproline content per construct and per cell in the
medium- and high-density groups increased significantly
after 4 weeks of culture, but there was no detectable hydro-
xyproline in the low-density group (Fig. 4). Hydroxyproline
content of the medium- and high-density groups increased
from week 0 to week 2 ( p< 0.05). There was no difference
in hydroxyproline content for the medium-density group
between weeks 2 and 4. Hydroxyproline content in the
high-density group decreased 37.4% from week 2 to week

FIG. 1. Scaffold size (A) and cell density (B, cells per scaffold volume) (n¼ 4). *Statistically significant difference between
the medium- and high-density groups. #Statistically significant difference between weeks 0 and 4. Error bars represent
standard deviations. Color images available online at www.liebertonline.com/ten.

FIG. 2. Cell number per construct with low, medium, and
high cell seeding density derived from DNA content (n¼ 4).
*Statistically significant difference. Error bars represent stan-
dard deviations.
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4 ( p< 0.05), and hydroxyproline content per cell also fell
significantly. The high-density group maintained a higher
hydroxyproline content than the medium-density group at
every culture time point ( p< 0.05). At week 0, the high-
density group had 5.2 times as much hydroxyproline per
construct as the medium-density group. At week 4, the high-
density group had 2.9 times as much hydroxyproline per
construct as the medium-density group ( p< 0.05). but there
was no significant difference in collagen density (content per
mL of scaffold) between the low- and high-density groups at
week 4. A conversion factor of 11.5 can be used to convert
hydroxyproline mass to collagen mass, based on our prelim-
inary studies (unpublished data).

Immunohistochemical results

Immunohistochemistry revealed positive staining for types
I and II collagen and aggrecan through the 4-week culture
(Fig. 5). At week 2, immunohistochemical analysis demon-
strated intense staining of type I collagen in the medium- and
high-density groups. The high-density group had moder-
ate amounts of type II collagen and aggrecan, whereas the
medium-density group had no type II collagen and a min-
ute amount of aggrecan. At week 4, the medium- and high-

density groups had strong staining of type I collagen and
moderate staining of type II collagen and aggrecan. In com-
parison, there was more-intense type I collagen staining in
the medium- and high-density groups at week 2 than at week
4 and more-intense type II collagen and aggrecan staining at
week 4 than at week 2. Moreover, the high-density group
appeared to have stronger staining of types I and II collagen
and aggrecan than the medium-density group.

Mechanical properties

There were no significant differences in compressive elastic
moduli or relaxation moduli between unseeded PGA scaffolds
at week 0 and the medium- and high-density groups at week 4
(Fig. 6). Mechanical tests could not be performed on the low-
density group because of the lack of mechanical integrity.

Discussion

hUCMSCs are fetus-derived cells and are more primitive
than adult-derived stem cells based upon their expansion
ability in vitro and their tissue origin.17 hUCMSCs have the
ability to differentiate toward mesenchymal lineage cells such
as cartilage, bone, adipose, and possibly neural cells of the
ectodermal lineage.12–16,18,21,23,29–33 Moreover, there have

FIG. 3. Glycosaminoglycan (GAG) content per construct
(A) and per cell (B) with low, medium and high cell seeding
density (n¼ 4). *Statistically significant difference. Error bars
represent standard deviations.

FIG. 4. Hydroxyproline content per construct (A) and per
cell (B) with low, medium, and high cell seeding density
(n¼ 4). *Statistically significant difference. The high-density
group had significantly higher hydroxyproline content per
construct than the medium-density group. Error bars repre-
sent standard deviations. For collagen content, multiply val-
ues by a conversion factor of 11.5.
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been studies in the past 3 years that have focused on cardio-
vascular tissue engineering using hUCMSCs and umbilical
cord vein cells.34–39 Here we explored chondrogenic differ-
entiation in 3D PGA scaffolds and the effects of initial cell
seeding density of hUCMSCs for fibrocartilage engineering.

Seeding with orbital shakers demonstrated consistent effi-
ciency (57% at low density, 57% at medium density, and 55%
at high density). In a parallel study, we found that higher
rotation speeds improved efficiency (data not shown here).
Cell numbers fell in all groups between week 0 and week 2. At
low density, cell numbers also fell significantly from week 2
and week 4. Degradation of the PGA scaffolds might explain

these decreases in cell number. In a previous study, quenched
PGA demonstrated a rapid decrease in mass and an increase in
water content after 10 days in PBS at 378C.40 In a previous
comparison with poly(lactic-co-glycolic acid) (PLGA; 82:18)
and poly-L-lactic acid (PLLA), PGA fibers degraded faster,
losing their integrity and becoming fiber fragments in the cell
culture medium within 2 weeks.41 Ideally, extracellular matrix
created by hUCMSCs will fill the space created by scaffold
degradation. In the low-density group, insufficient extracel-
lular matrix was produced because of the low cell number,
leading to ‘‘contraction’’ (inward collapse) of the scaffolds. As
observed under the microscope during culture, many cells and

FIG. 5. Immunohistochemical staining for types I (CI) and II collagen (CII) and aggrecan. The scale bar is 100mm. Moderate
type II collagen and aggrecan staining indicates the chondrogenic differentiation of human umbilical cord matrix mesen-
chymal stromal cells. Color images available online at www.liebertonline.com/ten.
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PGA debris fell into the cell culture medium, and scaffolds lost
their mechanical integrity in the low-seeding-density cultures.
In a future experiment, cell number and matrix content in the
medium can be measured to correlate the relationship between
scaffold degradation and the loss of cells and matrix. The
medium and high seeding densities better maintained me-
chanical properties because of greater matrix production.
Therefore, the medium and high cell seeding densities are re-
commended for future work with rapidly degrading scaffolds
based on cell number and matrix production demands.

In this study, the high-density group maintained a higher
GAG content throughout the 4-week culture period, although
all groups had lower GAG contents at week 4 than at week 0.
Some tissue-engineering studies using mature chondrocytes
have reported the same phenomenon of a GAG decrease in
hyaluronic acid scaffolds with swine chondrocytes,42 in poly
(ethylene glycol)-co-PLLA hydrogels with calf chondrocytes,43

and in PGA scaffolds with calf chondrocytes in a perfusion
chamber.44 In cartilage explant culture, medium-molecular-
weight GAGs such as chondroitin and keratan sulfates have
been shown to leach out.45,46 Thus, it is possible that the drop
in GAG content in the current study could in part be attributed
to some leaching out of GAGs. Scaffold degradation also may
contribute to the decrease in GAG content as discussed in the
above section. Extensive PGA scaffold degradation in the low-
density group not only influenced direct GAG loss into the
culture medium, but also decreased GAG content indirectly by
the loss of cells (Fig. 3). In the medium- and high-density
groups, it is likely that the GAG decrease was due to cell loss,
because GAG content per cell remained constant. After the 2-
day seeding period, GAG content per cell in the medium- and
high-density groups achieved an equilibrium over 4 weeks of
culture. The dynamic environment in the orbital shaker might
promote GAG synthesis during the seeding periods.47–49 It
must be noted that the highest GAG content at week 0 does not
necessarily indicate the presence of GAGs specific to cartilage
proteoglycans.

This study also demonstrated a significant increase in col-
lagen content with the medium- and high-density groups
during the 4-week culture period. At low density, there was

no detectable collagen according to hydroxyproline assays
because of the dissociation of PGA scaffolds. The rapid in-
creases in hydroxyproline content occurred between weeks 0
and 2, which helped to maintain the mechanical integrity.
There was the same and less hydroxyproline content with the
medium and high density from week 2 to week 4, respec-
tively. During the first 2 weeks, there was enough space in
the scaffolds for collagen synthesis; however, the scaffold
shrinkage50 led to a denser packing of cells (Fig. 1). The highly
packed cell and extracellular matrix (especially evident with
the high-density group at week 2) may have limited nutrient
diffusion and provided limited room for extracellular matrix
synthesis, perhaps affecting the balance of collagen metabolic
activity in which collagen catabolism led to the loss of colla-
gen. In native cartilage tissues, collagen contributes primarily
to tensile properties, whereas GAGs (when associated with
aggrecan) contribute to compressive integrity. No such posi-
tive correlation was found between matrix content (GAG
and collagen) and compressive stiffness, although high colla-
gen content helped retain overall construct integrity. A weak
correlation between GAG and collagen contents and mechan-
ical integrity was previously observed in tissue-engineered
constructs using mature hyaline cartilage cells and fibro-
cartilage cells.25,51 It was not surprising that statistically sig-
nificant differences in moduli were not observed between
groups, because differences would only be expected with
much larger increases in matrix content and organization over
a longer period of time. Moreover, the greater matrix content in
the higher-density group was distributed over a larger volume,
so it was also not surprising that the modulus variations be-
tween the medium- and high-density groups were minimal.

hUCMSCs demonstrated better performance than mature
temporomandibular joint (TMJ) condylar cells in a prior study,
with two times as many cells and four times as many GAGs.23

However, the contraction was still observed with the highest
density of 50 million cells=mL in the current study, along with
a commensurate loss of cells and matrix, as discussed earlier.
More slowly degrading scaffolds such as PLGA or PLLA
should be investigated in the future. In fact, PLLA has dem-
onstrated its potential to maintain scaffold integrity with am-
ple matrix production in fibrocartilage tissue engineering with
TMJ disc cells.52 On the other hand, improvement in seeding
technique and culture conditions can aid tissue genesis in PGA
scaffolds. Highly packed cells and matrix might block the
pathway of nutrition and waste exchange, delaying tissue
genesis inside of the scaffolds and contributing to the con-
traction of PGA scaffolds. Perfusion bioreactors might be used
to provide more-homogenous cell distribution throughout
scaffolds, assist in mass transport, and stimulate cell growth
mechanically.44,53,54 Moreover, bioactive signals such as
insulin-like growth factor-I and TGF-b1 can enhance biosyn-
thesis to help maintain the original shape of scaffolds.52

In the past 4 years, only four previous studies have dem-
onstrated the chondrogenic differentiation of hUCMSCs in
cell pellet culture14–16 or PGA scaffolds.23 Larger pellets were
observed in hUCMSC groups than in BMSCs, with a better
filamentous extracellular matrix.15,16 hUCMSC pellets had
more-intense collagen staining than BMSC groups. In a par-
allel tissue-engineering study (unpublished data), hUCMSCs
also had a higher cell number, GAG content, and collagen
content than hBMSCs after 6 weeks of culture on PGA
scaffolds. Slight type I collagen and plentiful of type II

FIG. 6. Mechanical testing of unseeded polyglycolic acid at
week 0 and seeded constructs at week 4. Compressive elastic
modulus and relaxation modulus (n¼ 4). Error bars repre-
sent standard deviations.
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collagen were observed with immunohistochemical staining
in hUCMSC pellets, whereas only a trace amount of type II
collagen was observed in BMSC pellets.15 Here, intense type I
collagen staining and moderate collagen type II and aggrecan
staining was shown; this is similar to native fibrocartilage. The
decrease in type I collagen staining and increase in type II
collagen and aggrecan staining from week 2 to week 4 sug-
gests that further chondrogenic differentiation occurred dur-
ing this period. Despite the smaller amount of type II collagen
produced in this study than with hBMSCs in the literature,55

hUCMSCs may progress further down a chondrogenic line-
age, with more collagen II production, with the investigation
of a slightly modified set of signals to provide for optimal
chondrogenesis. The identification of these signals, with fur-
ther validation via analysis of gene expression, will be an
important area of future investigation.

In conclusion, hUCMSCs exhibited characteristics of differ-
entiation along a fibrocartilaginous lineage. The production of
an abundance of type I collagen and a moderate amount of
type II collagen and aggrecan suggest that hUCMSCs may be
a suitable cell source for fibrocartilage tissue engineering. A
concentrated effort to drive hUCMSCs down an exclusively
chondrogenic lineage (collagen II expression and production
in lieu of collagen I) will be an exciting area of future inves-
tigation. As hypothesized, the constructs in the medium- and
high-density groups had more cells and extracellular matrix
(per construct and per cell) than the low-density group over
4 weeks of culture and, more importantly, retained their
mechanical integrity, unlike the low-density group. Thus, it is
recommended that the cell seeding density in related future
studies be not less than 25 million hUCMSCs=mL.
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