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A Comparison of Bone Marrow and Cord Blood
Mesenchymal Stem Cells for Cartilage Self-Assembly

Jamie L. White, BA,1 Naomi J. Walker, BA,2 Jerry C. Hu, PhD,3

Dori L. Borjesson, DVM, MPVM, PhD,2,4 and Kyriacos A. Athanasiou, PhD, PE3

Joint injury is a common cause of premature retirement for the human and equine athlete alike. Implantation
of engineered cartilage offers the potential to increase the success rate of surgical intervention and hasten
recovery times. Mesenchymal stem cells (MSCs) are a particularly attractive cell source for cartilage en-
gineering. While bone marrow-derived MSCs (BM-MSCs) have been most extensively characterized for
musculoskeletal tissue engineering, studies suggest that cord blood MSCs (CB-MSCs) may elicit a more
robust chondrogenic phenotype. The objective of this study was to determine a superior equine MSC source
for cartilage engineering. MSCs derived from bone marrow or cord blood were stimulated to undergo
chondrogenesis through aggregate redifferentiation and used to generate cartilage through the self-assembling
process. The resulting neocartilage produced from either BM-MSCs or CB-MSCs was compared by mea-
suring mechanical, biochemical, and histological properties. We found that while BM constructs possessed
higher tensile properties and collagen content, CB constructs had superior compressive properties comparable
to that of native tissue and higher GAG content. Moreover, CB constructs had alkaline phosphatase activity,
collagen type X, and collagen type II on par with native tissue suggesting a more hyaline cartilage-like
phenotype. In conclusion, while both BM-MSCs and CB-MSCs were able to form neocartilage, CB-MSCs
resulted in tissue more closely resembling native equine articular cartilage as determined by a quantitative
functionality index. Therefore, CB-MSCs are deemed a superior source for the purpose of articular cartilage
self-assembly.
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Introduction

Joint injury, due to either traumatic injury or a chronic
degenerative process, leads to premature retirement for

many athletes.1–3 In particular, joint injury is an especially
devastating and all-too-common occurrence for equine
athletes. A study examining specific causes of morbidity in
over 100,000 horses from 1997 to 2000 found joints to be
the most commonly affected body system in this popula-
tion.4 As in humans and many other species, articular
cartilage in horses does not readily regenerate and often
results in the formation of mechanically inferior fi-
brocartilage rather than normal hyaline cartilage.5,6 Large
defects (>9 mm) fail to heal without intervention.7,8 If joint

injury is treated in its early stages, surgical intervention
can facilitate healing and help prevent joint degeneration;
however, the success of this approach is limited by many
factors such as age of the animal, as well as location and
chronicity of the defect.9 Engineering cartilage implants
hold potential to increase the success rate of surgical in-
tervention and hasten recovery times.

Cartilage tissue engineering for joint surface repair seeks
to recapitulate the organized extracellular matrix of hyaline
cartilage. Self-assembly is a scaffold-free approach to car-
tilage engineering in which chondrogenic cells are densely
seeded in nonadherent culture and stimulated to generate
extracellular matrix using medium supplementation.10 After
4 weeks in culture, self-assembled chondrogenic cells
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produce neocartilage with morphological, biochemical, and
biomechanical properties akin to native hyaline cartilage.11

Traditionally, primary juvenile chondrocytes are used as the
cell source for self-assembly protocols; juvenile chon-
drocytes are more chondrogenic than adult chondrocytes12

and do not require pretreatment to induce chondrogenesis,
as is the case for progenitor populations such as mesen-
chymal stem cells (MSCs) or embryonic stem cells.13 Un-
fortunately, the scarcity of juvenile cartilage donor tissue
limits the translational potential of this approach, which has
led us to turn to more readily available progenitor cells as an
alternative cell source.

Although they require an additional step of chon-
drodifferentiation, MSCs offer a particularly attractive cell
source for cartilage engineering. MSCs are isolated from
various tissue sources, such as umbilical tissue, cord blood,
Wharton’s jelly, placenta, as well as several other adult
somatic tissues, such as adipose and bone marrow. These
MSCs can then be subsequently expanded to obtain suffi-
cient cell numbers. MSCs also possess immunomodulatory
properties and have been shown to be nonimmunogenic in
both autologous and allogeneic applications.14–16 Bone
marrow-derived MSCs (BM-MSCs) have been most exten-
sively characterized for musculoskeletal tissue engineering
compared to other MSC sources;17–19 however, recent lit-
erature suggests that cord blood MSCs (CB-MSCs) may
elicit a more robust chondrogenic phenotype.20,21

Based on the relative availability and intrinsic chondro-
genic properties of MSCs, we explored two sources of MSCs
as potential candidates for MSC-based tissue engineering of
articular cartilage using the self-assembling process. We
hypothesized that both BM-MSCs and CB-MSCs would be
amenable to self-assembly, however, CB-MSCs would gen-
erate neocartilage with properties more closely resembling
that of native equine articular cartilage. With this study we
hope to establish the superior MSC source to be carried
forward in subsequent studies aimed at optimizing self-
assembly protocols and ultimately generating neocartilage
suitable for therapeutic purposes in equine joint repair.
Moreover, as the equine is an ideal model for cartilage
repair in humans, this work holds significant translational
potential as well.22

Materials and Methods

Cell isolation and expansion

Equine BM-MSCs from three adult equine donors and
CB-MSCs from three foals were collected at the University
of California, Davis under an approved animal care and
use protocol. BM-MSCs and CB-MSCs were processed
and expanded to passage 1 (P1) as previously described23

and stored in liquid nitrogen. Subsequently, BM-MSCs
and CB-MSCs were further passaged to P6 in low-glucose
Dulbecco’s modified Eagle’s medium (DMEM; Corning),
10% fetal bovine serum (FBS; Atlanta Biologicals), and
1% penicillin-streptomycin (Gibco). Passaging was per-
formed using trypsinization with 0.05% trypsin EDTA
(Gibco) upon reaching 90% confluency for each round of
expansion.

Two of the three BM-MSC donors and two of the three
CB-MSC donors were phenotyped through flow cytometry
(Cytomics; Beckman Coulter FC500). Analysis of histo-

gram data (Supplementary Table S1; Supplementary Data
are available online at www.liebertpub.com/tea) and side
scatter data (Supplementary Table S2) was performed using
FlowJo flow cytometry software (Tree Star, Inc.). All MSC
lines were confirmed to be positive (>71%) for MSC markers
using antibodies directed against CD90 (clone DH24A;
VMRD),24,25 CD44 (clone CVS18; AbD Serotec),26 and
CD29 (clone 4B4LDC9LDH8; Beckman Coulter, Inc.).26

All lines were confirmed to be negative for F6B (a pan
leukocyte antibody, a generous gift from Dr. Jeffrey Stott,
UCD, School of Veterinary Medicine)27 and MHC II (clone
CVS20; AbD Serotec).25 MHC I was variably positive
(clone CVS22; AbD Serotec).28

For isolation of equine articular chondrocytes (ACs),
equine articular cartilage was obtained within 48 h post-
mortem from five stillborn neonatal horses. Cartilage was
minced and digested in 0.2% collagenase type II (Wor-
thington) with 3% FBS (Atlanta Biologicals) in DMEM,
high glucose, GlutaMAX� (Gibco) for 18 h at 37�C. Cells
were filtered with a 70mm filter (Corning) and stored in liquid
nitrogen in 10% dimethyl sulfoxide (DMSO) and 90% FBS
until use. Chondrocytes were expanded to P3 in chemically
defined chondrogenic culture medium29 (CHG), consisting
of DMEM, high glucose, GlutaMAX Supplement (Gibco),
1% penicillin-streptomycin-fungizone (BD Biosciences),
1% ITS+premix (BD Biosciences), 1% nonessential amino
acids (Gibco), 100 nM dexamethasone, 50mg/mL ascorbate-
2-phosphaste, 40 mg/mL l-proline, and 100 mg/mL sodium
pyruvate. CHG was supplemented with 2% FBS, 1 ng/mL
TGF-b1 (Peprotech), 10 ng/mL platelet-derived growth
factor (PDGF; Peprotech), and 5 ng/mL basic fibroblastic
growth factor (bFGF; Peprotech),30 during expansion in
monolayer culture.

Native tissue collection

Equine patellas were harvested from three skeletally ma-
ture horses euthanized for reasons unrelated to musculo-
skeletal pathology. Intact stifle joints were collected within
48 h of death. Joints were opened, and six biopsy punches of
articular cartilage were isolated from the patellar surface.
Cartilage samples were washed in phosphate buffered saline
(PBS) and wrapped in gauze soaked in PBS containing pro-
tease inhibitor containing 10 mM N-ethylmaleimide (Sigma)
and 1 mM phenylmethylsulfonyl fluoride (Sigma) and frozen
at -20�C until further analysis.

Postexpansion chondrogenic differentiation

After expansion, BM-MSCs and CB-MSCs were differ-
entiated, and ACs were redifferentiated to a chondrogenic
phenotype using aggregate redifferentiation31 for 7 days.
During aggregate redifferentiation, cells were maintained
in nonadherent, agarose-coated plates (2% agarose [Fisher
Scientific] in PBS) at 750,000 cells/mL in CHG, supple-
mented with 10 ng/mL TGF-b1 (Peprotech), 100 ng/mL
GDF-5 (Peprotech), and 100 ng/mL BMP-2A (Peprotech).31

Plates were placed on an orbital shaker at 55 rpm for the first
24 h postseeding and then maintained in static culture at
37�C and 5% CO2, during which time cells coalesced to
form aggregates. Medium was changed every other day.
After 7 days, aggregates were digested for 45 min in 0.05%
Trypsin-EDTA, followed by 30 min in 0.2% collagenase
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type II solution, and filtering through a 70 mm membrane (as
described above). Digestion resulted in single-cell suspen-
sions of BM-MSCs, CB-MSCs, and ACs. The three donors
for each cell type were combined in equal parts to create the
cell suspension used for neocartilage formation.

Neocartilage self-assembly

Neocartilage was formed using the self-assembling process
in nonadherent agarose wells.11 To create the wells, a sterilized
mold consisting of 5 mm stainless steel posts was immersed
in a 48-well plate containing 900 mL per well of sterile
molten 2% agarose in PBS. After the agarose solidified, the
mold was removed and the agarose wells were washed
thrice with CHG over a 48 h period. For neocartilage for-
mation, 2 · 106 cells were added to each well in 100 mL of
CHG supplemented with 200 U/mL hyaluronidase type I-S
from bovine testes (Sigma) and 2mM cytochalasin D (Sig-
ma). An additional 400 mL of CHG with 2 mM cytochalasin
D was added to each well 4 h after seeding. Plates were
maintained at 37�C and 10% CO2. The medium was ex-
changed every 24 h for the first 7 days. For the first 72 h,
CHG was supplemented with 2 mM cytochalasin D. After
7 days, neocartilage constructs were unconfined from the
agarose wells, transferred to a 24-well non-TCP plate, and
fed with 1 mL of CHG every other day. At 28 days post
initial seeding, constructs were tested biomechanically,
and portions of each construct were collected for bio-
chemical and histological analysis. Constructs were gen-
erated from ACs solely for use as a control for the alkaline
phosphatase assay, as this assay requires tissue culture
medium and the native equine cartilage tested in this study
was not cultured.

Mechanical construct evaluation

Mechanical properties of constructs were assessed in
tension and compression. Tensile testing was conducted
using a TestResources 840L (TestResources). Samples were
strained uniaxially at a constant strain rate of 1%/s. Young’s
modulus (EY) and ultimate tensile strength (UTS) were
evaluated using a custom MATLAB program (Mathworks).
Compressive testing was performed under unconfined
compression using an Instron 5565 (Instron). Biopsy pun-
ches of 2 mm diameter were taken from native tissue or
constructs for compression testing. Samples were pre-
conditioned with 15 cycles of 5% compressive strain and
then tested under incremental stress relaxation at 10% and
20%. A Kelvin standard linear solid viscoelastic model was
used to fit the data to establish the instantaneous modulus
(Ei) and relaxation modulus (Er) at each strain level.32

Biochemical construct evaluation

Tissues were evaluated biochemically for collagen content,
glycosamino-glycan (GAG) content, and cellularity. Samples
were weighed before and after lyophilization and digested in
125mg/mL papain (Sigma) in 50 mM phosphate buffer (pH
6.5) containing 2 mM N-acetyl cysteine (Sigma) and 2 mM
ethylenediaminetetraacetic acid (Acros Organics) for 18 h at
60�C. Collagen content was quantified using a modified,
perchloric acid-free, chloramine-T hydroxyproline assay with
a Sircol� type I collagen standard (Accurate Chemical).33

GAG content was measured using the Blyscan 1, 9-di-
methylmethylene blue binding assay (Accurate Chemical).
DNA was quantified using the Quant-iT� PicoGreen� Assay
(Invitrogen). The cell content of each construct was deter-
mined by assuming 7.7 pg DNA per cell. Alkaline phospha-
tase activity was measured in conditioned medium collected
48 h postfeeding. Conditioned medium samples were incu-
bated for 1.5 h with 10 mM p-nitrophenyl phosphate (Sigma)
in a solution of 1.5 M Tris (Sigma), 1 mM MgCl2 (Sigma),
and 1 mM ZnCl2 (Sigma) at pH 9.6. The alkaline phosphatase
activity was measured spectrophotometrically at 405 nm and
was referred to a standard curve made from p-nitrophenol
(Sigma). Medium from constructs generated from ACs was
utilized as a reference rather than native equine cartilage for
the alkaline phosphatase assay.

Histological and immunohistochemical evaluation

Samples of native equine patellar cartilage and samples of
MSC neocartilage collected after 4 weeks in culture were
fixed in 10% neutral-buffered formalin, paraffin-embedded,
and sectioned at 6mm. Sections were stained with hema-
toxylin and eosin (H&E), Safranin-O/Fast-Green, and pi-
crosirius red. For collagen immunohistochemistry, rabbit
anti-type I collagen polyclonal antibody (ab34710) was used
at 1:300 dilution (Abcam), and mouse monoclonal anti-type
X collagen antibody (ab49945) was used at 1:200 dilution
(Abcam) following antigen retrieval with citric acid (pH 6)
at 95�C for 20 min and at room temperature for an addi-
tional 20 min. Rabbit anti-human type II collagen polyclonal
antibody (ab34712) at a 1:600 dilution (Abcam) was used
following antigen retrieval using 4 mg/mL hyaluronidase
(Sigma) in PBS for 30 min followed by 3 mg/mL pepsin
(Sigma) in 0.5% acetic acid for 30 min. Primary antibodies
were incubated with the sections overnight at 4�C, followed
by application of a species specific, conjugated secondary
antibody (Vector Laboratories) and DAB staining (Vector
Laboratories).

Following staining, images obtained from bone marrow
and cord blood sections were processed using ImageJ to
quantify the percentage of the tissue section that showed
positive DAB staining. To perform this quantitative anal-
ysis, images were converted to an 8-bit image type and
then inverted. Image threshold was adjusted to a B&W
scale such that black areas corresponded to areas where
DAB staining was present and white areas corresponded to
nonstained areas. Construct edges were manually selected,
and the fraction of the selected area that was black after
image processing was measured and reported as a per-
centage of the selected area. For each collagen antibody 5
tissue sections were analyzed for each MSC group (Bone
Marrow and Cord Blood). Areas where the tissue was
folded were excluded from this analysis.

Functionality index calculation

The overall tissue quality was quantified by calculating a
functionality index (FI) (Equation 1) that equally weighs
GAG content, collagen content, compressive properties, and
tensile properties of neocartilage relative to those of native
tissue. The FI yields a score of 1.0 when neocartilage
properties are equivalent to those of native tissue.
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In Equation (1), the FI quantifies the overall quality of
tissue engineered neocartilage (subscript ‘‘NC’’) compared
to native equine articular cartilage (subscript ‘‘NT ’’) by
equally weighing the GAG/dry weight (DW) (GAG), col-
lagen content/DW (Col), compressive properties consisting
of relaxation (Er) and instantaneous (Ei) moduli, and tensile
properties consisting of Young’s modulus (Ey) and UTS.

Statistical analysis

All data are presented as mean – standard deviation. Bio-
chemical and mechanical properties were analyzed using one-
way analysis of variance, followed by Tukey’s post hoc test
where warranted. In figures 2 and 3 presenting mechanical and
biochemical data, groups marked by different letters are sta-
tistically different ( p < 0.05). Student’s t-test was performed to
assess differences in thickness, diameter, cellularity, percent
area stained and FI between BM-MSCs and CB-MSCs. In
figures 1, 3, 5, and 6 corresponding to these properties, groups
marked by a starred bar are statistically different ( p < 0.05).

Results

Gross morphology

Both BM-MSCs and CB-MSCs were able to undergo
expansion, chondrogenic differentiation through aggregate
redifferentiation, and the self-assembling process to pro-
duce neocartilage constructs (Fig. 1A). BM-MSCs produced

constructs with significantly smaller diameter and thickness
( p < 0.0001) than CB-MSC constructs. Although both cell
types were initially seeded in 5 mm wells, the resultant BM-
MSC constructs had an average diameter of 3.81 – 0.07 mm,
whereas CB-MSC constructs averaged 5.58 – 0.07 mm in
diameter (Fig. 1B). In terms of thickness, BM-MSC con-
structs averaged 0.21 – 0.02 mm, while CB-MSC averaged
0.64 – 0.03 mm (Fig. 1C). BM-MSC constructs were gen-
erally flat, whereas CB-MSC constructs had a shallow bowl-
like conformation (Fig. 1A).

Mechanical properties

Cylindrical punches from each sample were tested in
a displacement-controlled, unconfined compression mode,
yielding relaxation and instantaneous moduli. For comparison,
native tissue from the equine patella was tested in parallel. The
instantaneous modulus upon 20% strain was 339 – 129 kPa,
1178 – 192 kPa, and 1377 – 375 kPa for BM-MSC constructs,
CB-MSC constructs, and native tissue, respectively (Fig. 2A).
The relaxation modulus values were 81 – 21 kPa, 291 – 59 kPa,
and 396 – 157 kPa for BM-MSC constructs, CB-MSC con-
structs, and native tissue, respectively (Fig. 2B).

Tensile properties were measured by performing a uniaxial
strain-to-failure test. Again, equine patellar tissue was used to
obtain native tissue values. The Young’s modulus values were
4.9 – 1.1 MPa, 2.8 – 1.1 MPa, and 9.6 – 3.8 MPa for BM-MSC
constructs, CB-MSC constructs, and native tissue, respectively

FIG. 1. Construct gross morphology
and dimensions presented as mean –
standard deviation in millimeters.
Student’s t-test was performed using
p < 0.05 as statistical significance; star-
red bars show statistical significance
between groups. (A) Representative
images of BM-MSC constructs (Bone
Marrow) and CB-MSC constructs (Cord
Blood). BM-MSCs generated constructs
that were generally flatter than CB-
MSCs. CB-MSC constructs were sig-
nificantly wider (B) and thicker (C)
compared to BM-MSC constructs. BM-
MSC, bone marrow-derived mesenchy-
mal stem cells; CB-MSC, cord blood
mesenchymal stem cell.
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(Fig. 2C). The UTS was determined to be 1.5 – 0.5 MPa for
BM-MSC constructs, 0.8 – 0.2 MPa for CB-MSC constructs,
and 5.0 – 1.1 MPa for native tissue (Fig. 2D).

Biochemical properties

Water, collagen, GAG, and DNA content were measured
for each sample. The water content values were 77.0% – 1.9%,
83.9% – 0.8%, and 77.3% – 0.5% for BM-MSC constructs, CB-
MSC, and native tissue, respectively (Fig. 3A). Collagen per
DW was 0.27 – 0.02 mg/mg, 0.13 – 0.02 mg/mg, and 0.53 –
0.06 mg/mg (Fig. 3B), while GAG/DW was 0.038 – 0.003 mg/
mg, 0.150 – 0.010 mg/mg, and 0.168 – 0.009 mg/mg for BM-
MSC constructs, CB-MSC constructs, and native tissue,
respectively (Fig. 3C). Alkaline phosphatase activity was
measured in the supernatant from constructs produced using
BM-MSCs, CB-MSCs, as well as equine ACs for compari-
son. Alkaline phosphatase activity, expressed as units of al-
kaline phosphatase normalized to total protein content, was
0.042 – 0.007 U/mg, 0.010 – 0.001 U/mg, and 0.009 – 0.001 U/
mg for BM-MSC constructs, CB-MSC constructs, and AC
constructs, respectively (Fig. 3D). Although both BM-
MSCs and CB-MSCs were seeded at a density of 2 million
cells per self-assembly well, the resulting BM-MSC con-
structs contained 0.63 – 0.11 million cells after 28 days,
while CB-MSC constructs contained 1.14 – 0.06 million
cells at day 28 (Fig. 3E).

Histology and immunohistochemistry

Formalin fixed, paraffin embedded sections were processed
and sectioned for both histological and immunohistochemical
staining. H&E was used to assess general tissue composition,
structure, and cellularity. Picrosirius red and Safranin-O/Fast-
Green were used to qualitatively evaluate collagen and GAG
distribution, respectively. Overall, the results of the histology
suggest that CB-MSCs produced tissue that more closely re-
sembled native equine articular cartilage, with a GAG-rich
matrix surrounding cells within lacunae (Fig. 4). BM-MSC
constructs, on the other hand, produced very little GAG and
fewer lacuna-like structures. BM-MSC constructs showed
higher stain uptake for Sirius red compared to CB-MSC con-
structs, suggesting greater overall collagen content (Fig. 4).

Immunohistochemistry was performed to determine the
type of collagen being synthesized and whether these con-
structs displayed the collagen type II-rich composition that
is characteristic of hyaline articular cartilage. Quantification
of DAB staining on representative tissue section images
revealed that BM-MSC constructs had positive collagen
type I on 26.3% – 5.0% of the total construct area, whereas
CB-MSC constructs had significantly less with 6.8% – 1.6%.
Conversely, BM-MSC constructs had a significantly smaller
area of collagen type II compared to CB-MSC constructs,
21.0% – 6.6% and 51.2% – 12.9%, respectively. Collagen
type X immunohistochemistry was used to assess whether

FIG. 2. Mechanical prop-
erties of BM-MSC and CB-
MSC constructs, as well as
native equine articular carti-
lage (Native Tissue). One-
way ANOVAs were per-
formed using p < 0.05 for
statistical significance; letters
above the bars show statisti-
cal significance between
groups. In terms of com-
pressive properties, both the
instantaneous modulus (A)
and relaxation modulus (B)
were higher in CB-MSC
constructs compared to BM-
MSC constructs. Native tis-
sue and Cord Blood did not
significantly differ for either
compressive property as
well. BM-MSCs yielded
constructs that had both
higher tensile stiffness, re-
presented by Young’s mod-
ulus (C), and ultimate tensile
strength (D) compared to
CB-MSCs. ANOVAs, analy-
ses of variance.
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the cells had progressed to a hypertrophic phenotype as a
result of the self-assembling process. BM-MSC constructs
had a significantly greater area of positive collagen type X
staining with 79.9% – 12.2% compared to CB-MSC con-
structs, which had a positive area of 12.4% – 4.1% (Fig. 5).

Functionality index

BM-MSC constructs yielded an FI of 0.34 – 0.04, which
was significantly lower than CB-MSC constructs, which
yielded an FI of 0.54 – 0.05 ( p < 0.0001; Fig. 6). By this
measure, CB-MSC constructs were deemed superior to BM-
MSC constructs for generating neocartilage through the self-
assembling process.

Discussion

The cartilage-like ECM produced by chondrodiffer-
entiated MSCs holds potential as a cartilage tissue re-
placement if it can be shown to replicate salient native tissue

properties, especially those related to the tissue’s ability to
withstand the strenuous loading environment of a diarthro-
dial joint. Using FI, a quantitative index representing these
salient properties, this study compared biochemical and
biomechanical properties of scaffold-free tissues engineered
from BM-MSCs and CB-MSCs against the properties of
native articular cartilage. Equine BM-MSCs or CB-MSCs
were expanded, chondrodifferentiated, self-assembled into
neocartilage constructs, cultured for 4 weeks, and assayed.
Based on previous studies,20,21 it was hypothesized that, com-
pared to BM-MSCs, CB-MSCs would produce more hyaline-
like tissue (i.e., CB-MSCs would generate constructs with a
higher FI). This hypothesis was supported by the data.

CB-MSC constructs possessed higher compressive prop-
erties and GAG content than BM-MSC constructs. Although
BM-MSC constructs possessed higher tensile properties and
collagen content, its FI was nonetheless lower than CB-MSC
constructs. BM-MSC constructs produced more alkaline
phosphatase and collagen type X, suggesting a hypertrophic

FIG. 3. Biochemical properties of both construct groups (Bone Marrow and Cord Blood) and Native Tissue or equine AC-
derived tissue (Chondrocytes) in the case of alkaline phosphatase activity. One-way ANOVAs were performed for all assays
except Cellularity using p < 0.05 for statistical significance; letters above the bars show statistical significance between
groups. Hydration did not differ significantly between Native Tissue and Bone Marrow, while Cord Blood had significantly
higher hydration than both groups (A). Collagen/WW basis was significantly higher in Bone Marrow compared to Cord
Blood, but both construct groups were significantly lower than Native Tissue (B). GAG/WW was significantly higher in
Cord Blood compared to Bone Marrow; however, both of these groups were lower than Native Tissue (C). Cord Blood
constructs produced alkaline phosphatase at levels comparable to that of constructs derived from passaged equine ACs.
Bone Marrow constructs produced significantly higher levels suggesting a further progression in hypertrophy (D). Cellu-
larity was compared using a Student’s t-test with p < 0.05 as statistical significance; the starred bar shows statistical
significance between groups. Cord Blood constructs contained more cells than Bone Marrow constructs despite an equal
initial seeding density of 2 million cells per construct (E). AC, articular chondrocyte; WW, wet weight.
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phenotype that is not suitable for articular cartilage implants.
CB-MSC constructs produced quantities of alkaline phos-
phatase that were similar to those of constructs from passaged
ACs and higher quantities of collagen type II compared
to collagen type I. Taken together, the data showed that
CB-MSC constructs more closely resembled native equine
articular cartilage, with an FI significantly closer to 1.0,
compared to BM constructs. This study showed that CB-MSCs
were superior to BM-MSCs for the purpose of generating
scaffold-free cartilage using the self-assembling process.
Importantly, this study provided the first source of com-
prehensive mechanical properties for scaffold-free cartilage
generated from MSC sources.

Mechanical characterization of scaffold-free neocartilage
generated from MSCs revealed that the mechanical prop-
erties of neotissues are a function of the source of MSCs
used. BM-MSCs produced constructs that were 1.85·
stronger and 1.75· stiffer in tension compared to CB-MSC
constructs, whereas CB-MSCs produced constructs with
significantly higher compressive stiffness compared to BM-
MSC constructs. The relaxation modulus and instantaneous
modulus of CB-MSC constructs were 3.59· and 3.47·
higher than those of BM-MSC constructs, respectively. The
mechanical properties of MSC-derived constructs were
comparable to those of scaffold-free constructs formed
using chondrocytes, costal chondrocytes, and fibrochon-
drocytes.10,34,35 Although mechanical properties have been
measured for MSC constructs seeded in various scaf-

folds,36 to the authors’ knowledge, this is the first study to
measure both compressive and tensile properties of MSC-
derived, scaffold-free neocartilage.

The self-assembled neocartilage generated from MSCs in
this study possessed mechanical properties comparable to
those of native equine articular cartilage. Compressive
properties of CB-MSC constructs were remarkably close to
those of native tissue; both the relaxation modulus and in-
stantaneous moduli of CB-MSC constructs did not differ
significantly from those of equine patellar cartilage. This
finding has direct clinical implications as treatments for
patellar cartilage lesions are fewer and associated with in-
ferior clinical outcomes compared to other compartments of
the knee. As a result, novel treatments for the patellar in-
dication are needed, and a trend toward the use of cell-based
therapies has been observed.37 Moreover, topographic
characterizations of equine (unpublished data) and ovine38

distal femur cartilage, including the patella, condyles, and
trochlea, have shown that the biomechanical and biochem-
ical properties of patellar cartilage are comparable to carti-
lage from weight bearing regions of the joint. This finding,
taken in conjunction with the results of this study, suggests
that CB-MSCs are a suitable cell source for generating self-
assembled constructs with properties that can withstand the
natural compressive loading environment following a 4-
week in vitro maturation process.

In conjunction with the significant differences found
in mechanical properties between BM-MSC and CB-MSC

FIG. 4. Representative histology images of Bone Marrow constructs, Cord Blood constructs, and equine patellar cartilage
(Control). For each section a low magnification image is presented on the left with higher magnification images corre-
sponding to the black boxed regions on the right. Scale bars are presented in the top image of each column and reflect the
scale for all images in the column: 200mm for low magnification images, 50mm for high magnification and Control images.
H&E staining highlights the lacuna structures and hematoxylin intense staining representative of articular cartilage in both
the native tissue Control and Cord Blood groups; however, these characteristics are largely absent in the Bone Marrow
group. Picrosirius red (PicR) highlights the collagen content, which had higher stain uptake in Bone Marrow compared to
Cord Blood, whereas Safranin-O (SafO) with a Fast-Green counterstain highlights GAG content, which had higher stain
uptake in Cord Blood. H&E, hematoxylin and eosin.
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constructs, biochemical and histological properties also dif-
fered significantly between these two groups. CB-MSCs pro-
duced GAG at levels comparable to that of native tissue and
2.86· higher compared with BM-MSC, and explains, in part,
why CB-MSC construct compressive properties were much
closer to those of native tissue compared to those of BM-MSC
constructs. The GAG content of cartilage is responsible for
imparting the tissue with its resilience to compressive forces
by attracting and retaining water within the matrix.39 BM-
MSC constructs, in contrast, had 2.08· higher total collagen
content compared to CB-MSC constructs, although this
amount was still only 51% of native tissue content.

The amount, organization, and degree of cross-linking of
collagen all play crucial roles in the tensile integrity of
cartilage.39 Therefore, in light of differences in collagen
content, it is not surprising that BM-MSC constructs pos-
sessed higher tensile properties compared to CB-MSC
constructs. When examining the specific types of collagen
present in the constructs, however, we found that CB-MSC
constructs contained more collagen type II and less collagen
type I than BM-MSC constructs, indicating that CB-MSCs
produced a more hyaline-like tissue. This is supported by
the findings of greater amounts of collagen type X and
significantly higher alkaline phosphatase activity seen in
BM-MSC constructs, indicative of the BM-MSCs’ pro-
gression to a hypertrophic phenotype. Overall, the bio-
chemical and histological properties are consistent with the
mechanical data, and all data suggest that, compared to BM-
MSCs, CB-MSCs produce a tissue more similar to native
equine articular cartilage.

In developing protocols for cartilage repair using novel cell
sources, issues of immunomodulation and phenotypic sta-
bility are of paramount importance. MSCs can be harvested
from autologous or allogeneic sources, mitigating the issue of
donor site morbidity associated with tissue harvest. Use of an
allogeneic cell source carries the risk of generating a host
immune response; however, MSCs have been shown to ex-
hibit immunomodulatory properties.40,41 While it is not fully
understood to what extent these properties are maintained
upon differentiation, recent studies suggest that these prop-
erties may not be lost upon chondrodifferentiation. For
example, a study of the immunomodulatory properties of CB-
MSCs demonstrated that chondrodifferentiation of these cells

did not increase antigenicity, and immunomodulatory prop-
erties were maintained upon differentiation to a chondrocyte
phenotype.42 Likewise, MSCs from adipose tissue and bone
marrow were also shown to maintain their immunosuppres-
sive properties upon chondrogenic differentiation.43 Thus, in
regard to immunosuppression and immunomodulation, both
BM-MSCs and CB-MSCs show promise as potential cell
sources for cartilage repair.

In addition to the issue of immune system interaction, the
question also remains as to the ability to which MSCs can
maintain a stable chondrogenic phenotype upon in vivo
implantation. Several treatments that aimed at preventing
terminal differentiation of chondrogenic BM-MSCs have
been attempted, to various degrees of success44–46; however,
it is yet to be determined whether MSCs that have been
chondrodifferentiated before implantation can result in long-
term cartilage repair.18 The majority of cartilage repair at-
tempts using MSCs have utilized BM-MSCs; however,
based on the results of the alkaline phosphatase and collagen
X assays of this study, BM-MSCs may not be the ideal MSC
source. While CB-MSCs may generate neotissues that are
more similar to hyaline articular cartilage than BM-MSCs,
further studies will be necessary to establish long-term
phenotypic stability and immunomodulatory properties in an
appropriate animal model.

In this study, MSCs were chondrodifferentiated using an
aggregate redifferentiation method and tissue engineered
using the self-assembling process. Aggregate redifferentia-
tion recapitulates the developmental process of MSC con-
densation and chondrodifferentiation by culturing the cells
in a suspension culture system and applying growth factors
to promote chondrogenesis.31 The self-assembling process is
a scaffold-free technique for generating cartilage repair
grafts,11 and by avoiding the use of scaffolds, issues such as
stress shielding, interference with integration of surrounding
native tissue, scaffold biocompatibility, and degradation by-
products are precluded.10 The self-assembling process has
generated robust neocartilage with properties comparable to
those of native cartilage using chondrocytes, BM-MSCs and
CB-MSCs, as well as other progenitor cell populations.47

Although only BM-MSCs and CB-MSCs were utilized in
this study, it is likely that MSCs from other sources could be
used. The quality of self-assembled neocartilage, however,
will, in part, depend on the starting cell source and the de-
gree to which the cells are chondrodifferentiated.31 With this
study, we showed that CB-MSCs resulted in overall superior
constructs compared to BM-MSCs despite the fact that
tensile properties and total collagen content of CB-MSC
constructs were lacking compared to BM-MSC constructs.
Therefore, future studies using CB-MSCs for cartilage self-
assembly should aim to increase collagen content and col-
lagen cross-linking to improve tensile properties. Bioactive
factors such as TGF-b1, chondroitinase-ABC, and lysyl
oxidase like protein-2 can be applied during the self-
assembling process and have been shown to significantly
increase collagen and hydroxyproline cross-linking content
of neocartilage generated from fibrocartilage and articular
cartilage-derived chondrocytes, and, therefore, may facil-
itate collagen production and cross-linking in MSCs as
well.48,49 As demonstrated in this study, MSCs can be ro-
bustly chondrodifferentiated using aggregate redifferentiation
and are amenable to the self-assembling process; however,

FIG. 6. A quantitative functionality index comprised
Collagen/WW, GAG/WW, compressive, and tensile prop-
erties; a value of 1.0 is equivalent to equine patellar articular
cartilage properties. Student’s t-test was performed using
p < 0.05 as statistical significance; starred bars show sta-
tistical significance between groups. Cord Blood had a score
closer to 1.0 and was significantly higher than Bone Marrow.
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efforts need to be exerted to improve upon the functional
properties, especially under tension, to achieve full native
tissue values.

In conclusion, this study represents the first use of CB-
MSCs in a self-assembling process for cartilage tissue en-
gineering. It is also the first study to fully characterize
both compressive and tensile mechanical properties of
scaffold-free tissue engineered cartilage from an MSC
source. CB-MSCs proved to be superior overall, with an FI
>50% of native equine patellar cartilage, as well as collagen
production and alkaline phosphatase activity comparable to
those of native equine articular cartilage.
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