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It was hypothesized that previously optimized serum-free culture conditions for juvenile bovine chondrocytes
could be adapted to generate engineered cartilage with physiologic mechanical properties in a preclinical, adult
canine model. Primary or passaged (using growth factors) adult chondrocytes from three adult dogs were en-
capsulated in agarose, and cultured in serum-free media with transforming growth factor-b3. After 28 days in
culture, engineered cartilage formed by primary chondrocytes exhibited only small increases in glycosamino-
glycan content. However, all passaged chondrocytes on day 28 elaborated a cartilage matrix with compressive
properties and glycosaminoglycan content in the range of native adult canine cartilage values. A preliminary
biocompatibility study utilizing chondral and osteochondral constructs showed no gross or histological signs of
rejection, with all implanted constructs showing excellent integration with surrounding cartilage and subchondral
bone. This study demonstrates that adult canine chondrocytes can form a mechanically functional, biocompatible
engineered cartilage tissue under optimized culture conditions. The encouraging findings of this work highlight
the potential for tissue engineering strategies using adult chondrocytes in the clinical treatment of cartilage defects.

Introduction

Osteoarthritis is a common degenerative condition of
joints that affects millions of people with associated

annual financial costs of more than $100 billion dollars
worldwide.1 Loss of functional articular cartilage is consid-
ered the hallmark of osteoarthritis and is accompanied by
inflammation, degradation, and dysfunction, affecting all
tissues that comprise the joint organ. Due to the poor regen-
erative capacity of adult articular cartilage and the eventual
joint pain=disability,2 osteoarthritic patients frequently opt
for joint replacement (arthroplasty) surgery, with more than
680,000 arthroplasties performed each year in the United
States (Medical Data International. Report # RT-781322, Aug
1998). Although joint replacement provides an operative
treatment that generally succeeds in decreasing or eliminating
pain and improving joint function, the lifespan of prostheses
is limited due to wear, loosening, infection, and fracture of the

implant or surrounding bone.3 Total joint replacement is also
inappropriate for the treatment of smaller cartilage lesions
that may afflict younger patients with active lifestyles. Based
on these limitations, there has been increasing interest in
developing biologic treatments for articular cartilage repair.
Current biologic treatments for joint resurfacing and lesion
repair include the transplantation of osteochondral grafts
(either autograft4 or allograft5) and the expansion and implan-
tation of chondrocytes by various methods.6 However, these
techniques are not free from complications7 and are limited by
defect size, geometry, and extent; patient age; tissue avail-
ability; donor-site morbidity; and concerns regarding disease
transmission (for allografts).8–12

Functional tissue engineering aims to integrate physiologic,
mechanical, and biochemical stimuli to create replacement
tissues in vitro for the eventual use as an in vivo biologic
treatment for ailments in patients.13 The potential for articular
cartilage tissue engineering covers all stated limitations,
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including those of total joint arthroplasty and other biologic
treatments. For treating cartilage lesions, the creation of an
engineered tissue with sufficient extracellular matrix (ECM)
composition, geometry, and material properties before in vivo
implantation may be necessary for the construct to maintain
its integrity under the rigorous biologic and biomechanical
demands of functional weight-bearing joints.14–16 The ECM
may shield the implanted cells (especially if from an alloge-
neic source) and=or scaffold material from host immunogenic,
inflammatory, and degradative responses.17 Over the past
several years, our laboratory has adopted and refined a
chondrocyte-seeded agarose hydrogel system for articular
cartilage tissue engineering.18 In this model system, juvenile
bovine chondrocytes are isolated and uniformly seeded in an
agarose hydrogel scaffold. Agarose was chosen for its char-
acteristics in maintaining chondrocyte phenotype19,20 and
transmitting mechanical forces to the embedded cells.18,21

Immature,differentiatedchondrocyteswerechosenduetotheir
responsiveness to mechanical forces.18,22 Also, as these cells
are already differentiated (as opposed to stem cells), research
efforts can focus immediately on promoting their biosynthetic
activities to produce functional tissue. Recent developments
in our laboratory using the application of growth factors and
deformational loading in this model system have led to the
creation of engineered cartilage with physiologic Young’s
modulus and glycosaminoglycan (GAG) content.23,24

On the basis of these promising results using juvenile bo-
vine chondrocytes, our laboratories have begun exploring the
translation of these results into a clinically relevant, large
animal model with the goal of successful in vivo implantation
of functional tissue-engineered constructs for cartilage resur-
facing. The adult canine animal model was selected based on
the availability of vast amounts of historical data; its clinical
relevance with respect to anatomy, function, and clinical
disorders in veterinary patients; and the ability to readily
perform surgical treatments such as arthroplasty, autologous

chondrocyte transplantation, and osteochondral grafting, as
well as postoperative management protocols, including ban-
daging, braces, and physical rehabilitation modalities.25–29

These aspects of the canine model are important for future
validation and comparison of tissue engineering to the ac-
cepted clinical treatments. In addition, whether from allograft
or from autograft sources, the cells that will likely be used for
human treatment will probably be derived from older adults.
Therefore, success in a mature, canine chondrocyte animal
model increases the evidence, supporting further studies to
develop these techniques for the treatment of humans.

To achieve the successful translation from the juvenile
bovine model to the mature canine model, we undertook two
studies. In study 1, it was hypothesized that passaged adult
canine chondrocytes from multiple donors could reproduc-
ibly create an engineered cartilage with functional mechanical
properties. This hypothesis was based on the explosive growth
seen in the bovine model system23 as well as preliminary
experiments with adult canine chondrocytes.30 Then, in study
2, preliminary biocompatibility=rejection of engineered
chondral and osteochondral constructs31 was assessed in an
in vivo canine femoral-trochlear groove defect model over a
3-month period. Passaged allogeneic canine chondrocytes
were chosen for these studies because we believe that they are
a clinically relevant cell source for engineered cartilage tis-
sues, as they avoid donor-site morbidity and the need for
two surgeries with the associated time, costs, and recovery
periods. In addition, by utilizing an allogeneic cell source,
implant size and architecture are not limited by available cell
numbers derived from the patient.

Materials and Methods

Overview of experimental design

There are two studies presented here (schematically out-
lined in Fig. 1). In study 1, canine chondrocytes were isolated

FIG. 1. Schematic of experimental design. In study 1, adult chondrocytes were harvested from canines, expanded, and then
encapsulated in a three-dimensional agarose gel scaffold, with tissue properties monitored over a 28-day culture period. In
study 2, gel-alone (chondral) and gel-tantalum (osteochondral) constructs were created from passaged chondrocytes, cultured
until reaching native Young’s moduli, and then implanted in to the knee joints of adult dogs to study biocompatibility and
immune response to the implanted constructs. Color images available online at www.liebertonline.com=ten.
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from three adult mongrel dogs, expanded, encapsulated in
agarose to form three-dimensional (3D) constructs, and
grown in well-defined serum-free media supplemented with
transforming growth factor (TGF)-b3. The expansion and
culture protocol was determined from previous experiments.30

Further, to test for variability due to cell source, 3D constructs
were formed using cells isolated either from a single donor
dog or from multiple dogs. In study 2, mechanically compe-
tent canine engineered cartilage constructs (chondral and
osteochondral) were cultured for 42 days and were then im-
planted into the femoral trochlear groove to assess in vivo
biocompatibility and performance over a 3-month period.

Isolation of canine chondrocytes

Cartilage was harvested from the patellas, femoral troch-
lear grooves, femoral condyles, and humeral heads of 2–5-
year-old mongrel canine cadavers (n¼ 3, male, 50–60 lbs
(22.7–27.2 kg); Central Missouri Humane Society, Columbia,
MO) after euthanasia was performed for reasons unrelated to
this study. Cartilage flakes were then digested for 8 h using
combined pronase (0.0005 g=mL) and collagenase (390 U=mL,
type V; Sigma Aldrich, St. Louis, MO) in 7.5 mL=g tissue of
high-glucose Dulbecco’s Modified Eagle’s Medium (DMEM)
(Invitrogen, Carlsbad, CA) with sodium bicarbonate buffer
and 5% fetal bovine serum (FBS; Atlanta Biologics, Atlanta,
GA). Isolated cells from each donor were filtered, resuspended,
and expanded in monolayer culture using a growth factor
cocktail (see below). Cells from each donor were either
kept separate to observe donor-to-donor variability or mixed
together (similar to previous bovine chondrocyte protocols18).

Expansion of canine chondrocytes

For expansion, canine chondrocytes were plated in T-150
culture flasks at an initial density of 4�106 cells=flask in
50 mL of DMEM with 5% FBS and 1 ng=mL TGF-b1, 5 ng=mL
fibroblast growth factor-2, and 10 ng=mL platelet-derived
growth factor-bb,32 with media changed every 2 days. When
cells were *90% confluent, the passage 1 (P1) chondrocytes
were released using 100 U=mL collagenase and 0.05% trypsin=
0.53 mM ethylenediaminetetraacetic acid (Invitrogen), wa-
shed, and resuspended in chondrogenic media, composed of
high-glucose DMEM, 1% ITSþ (BD, Franklin Lakes, NJ),
0.1mM dexamethasone (Sigma Aldrich), 110 mg=mL sodium
pyruvate (Invitrogen), 50mg=mL L-proline (Sigma Aldrich),
sodium bicarbonate, and antibiotics.23

Creation and culture of engineered cartilage constructs

Primary or passage 1 (P1) canine chondrocytes were re-
suspended at a concentration of 60�106 cells=mL and mixed
with equal parts molten 4% agarose (type VII; Sigma Aldrich)
at 458C to form a 2% agarose suspension with 30�106

cells=mL. Chondral constructs were created by pouring this
suspension between two glass plates, cooling at room tem-
perature for 20 min, and then coring out disks (Ø4.0�2.3 mm)
using a sterile biopsy punch. Osteochondral constructs
(Ø4.0�6 mm, with *2 mm chondral region, for study 2 only)
were created by pouring the gel suspension using custom
molds over porous trabecular metal cylinders (tantalum
metal; Zimmer, Warsaw, IN). Tantalum trabecular metal was
utilized for the bony substrate based on previous studies

indicating a detrimental effect of devitalized bone.31 Con-
structs were cultured in chondrogenic media with 50 mg=mL
ascorbate-2-phosphate (Sigma Aldrich) and 10 ng=mL of
TGF-b3 (Invitrogen), with media changed every other day.
Constructs were cultured for 2 days before the initiation of
mechanical testing, designated as day 0.

Whole-construct mechanical testing

Mechanical testing was performed in unconfined com-
pression between two impermeable platens in a custom ma-
terial testing device as previously described.33 Constructs
(n¼ 4–5 per group, per time point) were first equilibrated
under a creep tare load of *0.02 N followed by a stress re-
laxation test with a ramp displacement of 0.05% strain=sec to
10% strain (based on the measured postcreep thickness). The
compressive Young’s modulus (EY) was determined from the
equilibrium response of the stress relaxation test by dividing
the equilibrium stress (minus the tare stress) by the applied
static strain. Dynamic compressive modulus (G*) was deter-
mined by analyzing the stress–strain response of the tissue to
an applied sinusoidal deformation of 1% strain at 1 Hz.
Posttesting, all constructs were frozen and stored at�808C for
biochemical analysis.

Biochemical analysis

The samples were thawed, weighed wet, and digested for
16 h at 568C with 0.5 mg=mL proteinase K (EMD Biosciences,
San Diego, CA) in 50 mM Tris buffered saline containing
1 mM ethylenediaminetetraacetic acid, 1 mM iodoacetamide,
and 10mg=mL pepstatin A (Sigma Aldrich).34 These digests
were used to determine sample GAG content via the 1,9 di-
methylmethylene blue (Sigma Aldrich) dye-binding assay35

and for DNA content via the PicoGreen assay (Invitrogen).
The overall collagen content was measured using orthohy-
droxyproline colorimetric assay.36 Collagen content was cal-
culated by assuming a 1:10 orthohydroxyproline-to-collagen
mass ratio.37 Assays were adapted for use in 96-well micro-
titer plates. GAG and collagen content was normalized to the
construct wet weight (% ww).

Gene expression

RNA extraction. Total RNA was extracted using a modi-
fied TRIspin method.38 Construct samples were homogenized
in 1 mL of Trizol (Invitrogen). Homogenates were extracted
with chloroform and separated by centrifugation. The RNA
was precipitated using isopropanol and the pellet was sus-
pended in 100mL of diethylpyrocarbonate (DEPC) water
containing DNase. The DNA was digested at 378C for 15 min.
The RNA was further processed using the RNeasy Minelute
cleanup kit (Qiagen, Valencia, CA) following the manufac-
ture’s protocol. Total RNA was eluted with 14mL of water.
Concentration and purity were determined by absorbance
and stored at �808C.

Reverse transcription. Total RNA (500 ng) was reverse
converted to cDNA in 20mL reactions using 500 ng of
oligo(dT) primers and Superscript III reverse transcriptase
(Invitrogen) according to the manufacturer’s instructions. The
reverse transcription profile was as follows: 508C for 60 min,
708C for 15 min, and 48C hold. The cDNA was diluted with
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180 mL of water, and 4 mL of the diluted cDNA was used for
subsequent real-time polymerase chain reaction (PCR).

Polymerase chain reaction. Relative gene expression
levels were determined by real-time PCR using species-
specific primers for collagen type I, collagen type II, and
aggrecan, with the housekeeping gene glyceraldehyde 3-
phosphate dehydrogenase to normalize the data (Table 1).
Real-Time PCR was performed using the Roche LightCycler�

480 (Roche, Basal, Germany) using the Platinum SYBR Green
qPCR SuperMix-UDG (Invitrogen) following the manufac-
turer’s guidelines. The PCR profile for all tests consisted of an
initial incubation of 948C for 15 min, followed by 50 cycles of
5 s at 948C, 5 s at 608C, and 10 s at 728C. After the PCR profile,
a melt curve analysis was done to ensure specific amplifica-
tion for each sample. SYBR green fluorescence was monitored
during the extension step of the PCR profile, and take off
values were determined using the LightCycler 480 software.
Target gene expression was normalized to glyceraldehyde 3-
phosphate dehydrogenase expression and determined using
Q-gene.39 No-reverse transcription controls were tested for
each primer set utilized to ensure that there was no contam-
ination genomic DNA in the sample.

In vivo biocompatibility

Biocompatibility studies were performed with implanta-
tion of chondral and osteochondral (gel-tantalum) constructs
in focal cartilage defects created in the canine stifle (knee)
joint. The latter represents an engineered tissue more simi-
lar to clinically used autologous or allogeneic osteochondral
grafts.4,5 All procedures were approved by the University
of Missouri–Columbia Institutional Animal Care and Use
Committee. Mixed chondrocyte, chondral, and osteochondral
constructs were cultured until they reached native canine
Young’s modulus (EY) values (*200 kPa, determined via
unconfined compression in study 1). Adult (2–4 years of age)
mongrel research dogs (50–60 lbs, i.e., 22.7–27.2 kg) with
clinically and radiographically normal knee joints were pre-
medicated, anesthetized, and prepared for aseptic surgery of
one hind limb. After lateral parapatellar incision and arthro-
tomy of the knee, 4.0-mm-diameter full-thickness (completely
through subchondral bone plate) defects were created in
the center of the femoral trochlear groove using a 3.9-mm drill
bit followed by a 4.0-mm biopsy punch. Chondral and os-
teochondral constructs were then press-fit into the defects
(n¼ 3 constructs per animal, n¼ 4 animals per group) such
that they were visibly and palpably flush with the articular
surface of the trochlear groove. The unoperated contralateral

knee joints served as normal controls. Empty defects (n¼ 3)
were used as an in vivo negative control (n¼ 1 animal). Joint
capsule, fascia, subcutaneous tissues, and skin were closed
routinely. Postoperative radiographs of the operated limbs
were obtained. Postoperative analgesics were provided for
a minimum of 48 h postoperatively. Animals were allowed
unrestricted kennel activity after an initial soft-casting period
of 1 week. Six weeks after surgery, aseptic arthrocentesis was
performed for subsequent cytologic assessment of the syno-
vial fluid followed by arthroscopic evaluation of the treated
knee joints. At 12 weeks after surgery, categorical lameness
scoring, radiographic assessment, synovial fluid cytology,
and arthroscopic assessment were performed before eutha-
nasia of the dogs.40,41 All dogs survived surgery and for the
intended study duration. No gross evidence of infection,
rejection, or systemic inflammatory responses was noted.

Statistical Methods and Analysis

At least 4–5 samples in each group were analyzed for each
data point, with data reported as the mean and standard
deviation. This sample size was chosen based on a power
analysis of preliminary results30 to determine the number of
specimens required for a power greater than 0.8 (the gener-
ally accepted power for life sciences42) for a¼ 0.05. For me-
chanical and biochemical data, groups were examined using
multivariate analysis of variance (ANOVA) with EY, G*,
GAG, or collagen as the dependent variables, and culture
time, growth factor group (study 1 only), donor animal (study
1 only), or implantation group (study 2 only) as the inde-
pendent variables. ANOVA for the gene expression was
performed on the logarithmically transformed data to account
for unequal variances. Tukey honestly significant difference
(HSD) post hoc tests were carried out with statistical signifi-
cance set at a¼ 0.05.

Results

Study 1: Multiple donors

The results from the three donor dogs (dog 1, dog 2, and
dog 3) between primary and passaged chondrocytes were
similar across animals. Passaging led to *8–10� increases in
cell number over 10 days in monolayer culture, and all donor
cell lines had sufficient viable cell numbers for encapsulation.
With prolonged culture to day 28, P0 constructs from all
three donor animals exhibited small, but significant, in-
creases in GAG content (*0.6–0.75%ww, p< 0.05, Table 2)
from day 0 values, with no other significant changes in me-
chanical or biochemical measures. In contrast, all constructs

Table 1. Real-Time Polymerase Chain Reaction Primers Utilized for Gene Expression Analysis

Gene Orientation Primer sequence Amplicon size (bp)

GAPDH Forward GTGACTTCAACAGTGACACC 152
Reverse CCTTGGAGGCCATGTAGACC

COL 1 Forward TGCACGAGTCACACTGGAGC 124
Reverse ATGCCGAATTCCTGGTCTGG

COL 2 Forward GGCCTGTCTGCTTCTTGTAA 127
Reverse ATCAGGTCAGGTCAGCCATT

Aggrecan Forward ATCGAAGGGGACTTCCGCTG 106
Reverse ATCACCACACAGTCCTCTCCG
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seeded with P1 chondrocytes possessed significant *10–20-
fold increases in measured mechanical properties and bio-
chemical content over time in culture (Table 2). The highest
values were attained by dog 1, with measured EY of
191.9� 26.7 kPa, G* 1.70� 0.25 MPa, GAG 2.75� 0.41%ww,

and collagen 3.09� 0.44%ww. These values compare favor-
ably with the values of native canine patellofemoral groove
cartilage obtained from each donor (average values: EY

244.8� 17.1 kPa, G* 2.56� 0.67 MPa, GAG 4.79� 0.57%ww,
collagen 15.82� 2.89%ww; Table 2).

Table 2. Mechanical and Biochemical Properties of Engineered Canine Cartilage Constructs

Group Day EY (kPa) G* 0.1 Hz (MPa) GAG (%ww) Collagen (%ww)

Dog 1 P0 0 14.2� 2.0 0.1� 0.1 0.10� 0.04 0.11� 0.21
14 16.2� 1.7 0.1� 0.1 0.25� 0.03 0.21� 0.35
28 20.3� 3.2 0.1� 0.1 0.70� 0.08a,b 0.16� 0.25

Dog 2 P0 0 18.5� 2.9 0.1� 0.1 0.15� 0.05 0.20� 0.27
14 18.9� 3.5 0.1� 0.1 0.18� 0.03 0.19� 0.04
28 24.0� 3.7 0.1� 0.1 0.74� 0.13a,b 0.16� 0.28

Dog 3 P0 0 18.4� 3.6 0.1� 0.1 0.12� 0.02 0.18� 0.14
14 19.6� 2.1 0.1� 0.0 0.35� 0.04 0.37� 0.21
28 25.2� 3.3 0.1� 0.1 0.60� 0.21a,b 0.25� 0.39

Dog 1 P1 0 17.1� 2.0 0.1� 0.1 0.10� 0.04 0.14� 0.06
14 80.6� 10.5a,c 0.8� 0.2a,c 1.10� 0.10a,c 1.49� 0.11a,c

28 191.9� 26.7a–d 1.7� 0.4a–c 2.75� 0.41a–c 3.09� 0.44a–d

Dog 2 P1 0 15.8� 1.7 0.1� 0.1 0.10� 0.01 0.11� 0.18
14 65.6� 7.8a,c 0.5� 0.1a,c 1.21� 0.16a,c 1.08� 0.19a,c

28 135.4� 24.0a–c 1.5� 0.6a–c 2.40� 0.25a–c 2.32� 0.41a–c

Dog 3 P1 0 15.1� 1.8 0.1� 0.1 0.05� 0.04 0.04� 0.20
14 101.0� 9.7a,c 0.6� 0.3a,c 0.93� 0.09a,c 1.21� 0.23a,c

28 151.1� 5.4a–c 1.5� 0.3a–c 2.25� 0.20a–c 2.28� 0.22a–c

Mixed P1 0 9.9� 0.4 0.0� 0.0 0.23� 0.14 0.00� 0.00
14 78.9� 5.1a 0.5� 0.1a 2.55� 0.08a 0.65� 0.44
28 193.6� 11.1a,b 1.3� 0.1a,b 4.27� 0.19a,b 1.06� 0.15a

Dog 1 cart 304.0� 10.8 2.4� 0.7 4.32� 0.17 15.78� 2.16
Dog 2 cart 205.2� 18.9 2.8� 0.4 5.21� 0.87 14.12� 3.54
Dog 3 cart 225.3� 23.4 2.5� 0.6 4.84� 0.66 17.46� 2.98

Primary (P0) adult canine chondrocytes exhibited a significant increase in GAG content only after 28 days in culture, with no significant
increases over time in all other mechanical and biochemical measures. All passaged (P1) chondrocytes elaborated a cartilage matrix after 28
days that possessed a Young’s modulus (EY), dynamic modulus (G*), and GAG content in the range of native adult canine cartilage values.

ap< 0.05 versus d0.
bp< 0.05 versus d14.
cp< 0.05 versus respective P0.
dp< 0.05 versus all groups at all time points.
GAG, glycosaminoglycan.

FIG. 2. Construct gene expression of aggrecan, type II collagen, and type I collagen. With three-dimensional encapsulation
on day 0 and with continued culture to day 28, passaged adult canine chondrocytes exhibited significantly increased
aggrecan and type II collagen gene expression with significantly decreased type I collagen gene expression, indicating a
chondrogenic phenotype. Note: Y-axis is logarithmic scale. *p< 0.05 versus monolayer, **p versus respective day 0 group.
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Mixed chondrocyte constructs increased in properties
similarly to each individual donor animal (Table 2). As all
donor cell populations responded similarly, gene expression
analysiswasperformedonlyonmixedchondrocyteconstructs.
ANOVA for the gene expression was performed on the
logarithmically transformed data to account for unequal
variances (Fig. 2). Aggrecan expression and type II collagen
expression were the lowest for monolayer cultures, and in-
creased with culture time after encapsulation in agarose
hydrogel constructs. In contrast, type I collagen expression
exhibited the opposite trend. These results are consistent with
an increase in chondrogenic phenotype expected from 3D
culture19 and are complementary to the increases of cartilage-
relevant ECM measured from other constructs.

Study 2: In vivo biocompatibility

At 12 weeks, implanted dogs had normal gait (grade 0=5
lameness) with no palpable joint effusion on orthopedic ex-
amination. The dog with empty control defects showed
grade 2=5 lameness at 12 weeks and had palpable joint ef-
fusion in the operated knee.

Radiographic assessment of operated knees performed
12 weeks after surgery suggested that chondral and osteo-
chondral constructs were associated with no overt com-
plications or morbidity. For knees receiving chondral or
osteochondral implants, no radiographic evidence for effu-
sion or soft tissue proliferation (synovitis), sclerosis, or osteo-
phytosis was seen. For defects treated with chondral grafts,
the defect sites could be identified radiographically with
variable degrees of reestablishment of radiographic sub-
chondral bone plate architecture. For defects treated with
osteochondral grafts, the tantalum substrates were all in
place with no evidence for migration, subsidence, or peri-
implant lucency or sclerosis. The radiographic appearance of
the knee with empty defects included mild effusion=soft
tissue proliferation, clearly visible defect sites, and associated
sclerosis of the trochlear groove.

Repair tissue in empty defects observed at 6- and 12-week
arthroscopies was graded poor and was fibrous (granulation
tissue) and=or fibrocartilaginous in appearance and did not
restore surface congruity or cartilage volume in the defect site
(Fig. 3B, top and bottom). In contrast, the sites receiving en-
gineered cartilage constructs were graded from excellent

FIG. 3. Perioperative gross appearance of empty defects (A) and implanted osteochondral constructs (D). Animal knees
(stifles) were monitored arthroscopically during the 3-month experimental period to nondestructively study animal healing
and response to implants (B, E; arrows indicate defect sites). Empty defects showed generally poor filling of the defect site
with fibrous=fibrocartilage appearance (B, top and bottom), whereas sites receiving engineered cartilage ranged from good
(E, bottom) to excellent (E, top) filling. Digital radiographic imaging was also used to confirm that implanted osteochondral
constructs remained in place in the defect sites based on location and appearance of the tantalum trabecular metal (F). The
empty defect radiograph is shown as a technical control (C). Color images available online at www.liebertonline.com=ten.
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(>90% of defect filled with opaque white tissue [hyaline-like]
with a smooth surface matching the contour of the host ar-
ticular surface; Fig. 3E, top) to good (>75% of defect filled
with opaque white tissue [hyaline-like], surface fibrillations=
irregularities may be present; Fig. 3E, bottom) filling with
hyaline-like cartilage. No constructs migrated (Fig. 3F, os-
teochondral construct shown) or failed under in vivo loading.
Osteochondral constructs displayed less subsidence than
chondral constructs. Apposing patellar surfaces were normal
in all cases.

In histological sections of harvested synovium (Fig. 4),
lymphoid aggregates, giant cells, neutrophils, and macro-
phages were not observed in any samples. Infiltrates of small
numbers of lymphocytes and plasma cells along with marked
hyperplasia were observed for the empty defect knee and
considered the only significant lesion of all samples. The lack
of neutrophils in any of the sections suggests no suppurative
inflammation. As expected, the synovium in knees undergo-
ing arthrotomy for implant placement exhibited mild hyper-
plasia relative to the nonsurgical control specimen. No clinical
evidence of joint effusion was present in any dog, and cyto-
logic examination revealed normal synovial fluid in all cases
(e.g., few mononuclear cells [synovial lining cells] in protein-
aceous background, no neutrophils, lymphocytes, or plasma

cells), with few cells introduced by aspiration. Chondral
constructs showed integration with underlying bone (Fig. 5A),
and both chondral and osteochondral constructs showed no
gap formation with surrounding cartilage tissue (Fig. 5B, C,
chondral construct shown only). Osteochondral constructs
showed bony ingrowth into the trabecular metal base
(Fig. 5D), consistent with clinical use of the metal.43

Discussion

The results of the presented studies demonstrate the suc-
cessful expansion of mature canine chondrocytes and the
formation of engineered cartilage tissue with a compressive
Young’s modulus in the physiologic range for native canine
cartilage as verified by cartilage testing and previous re-
ports.44,45 The measured compressive stiffness and GAG
content represent the highest reported values for engineered
cartilage formed from mature chondrocytes.46,47 Preliminary
experiments established that, contrary to published juvenile
bovine results,24,48 a temporal application of growth factors
did not encourage rapid matrix development.30 Therefore,
continuous TGF-b3 treatment was adopted for the presented
studies using adult cells, consistent with other preliminary
work performed by our laboratory on mature bovine cells.46

FIG. 4. Representative histology (hematoxylin and eosin) of synovium (A–C, hyperplasia: asterisks). As expected, the
synovium in implanted knees exhibited mild hyperplasia due to surgery relative to nonsurgical controls. Empty defect knees
exhibited prominent hyperplasia, with multiple layers of swollen synovial cells and fronds of papillary projection. For
synovial cytology, plasma cell (D, white arrow) and some red blood cells were present, likely introduced during aspiration.
Color images available online at www.liebertonline.com=ten.
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Differences in mature and immature chondrocyte response
to the continuous=temporal application of TGF-b3 are likely
due to age-related issues in TGF-b signal transduction such
as decreases in TGF-b receptors and changes in Smad sig-
naling within the cell.49 The results of study 1 indicate that
the in vitro culture process utilized is consistent and trans-
latable between adult cells of different donor animals. This is
a promising finding for future clinical application given that
a mixed population of chondrocytes, as used in past bovine
studies, may not be feasible due to possible biocompatibility
and other unforeseeable postoperative complications.

The use of a growth factor cocktail during passaging ap-
pears to be necessary to invigorate the chondrocytes to ac-
tivate rapid matrix synthesis. This protocol was adopted
from techniques applied to human chondrocytes for future
use in conjunction with autologous chondrocyte implanta-
tion,32 and the results of this paper are the first to show that
this can directly lead to an engineered cartilage tissue with
functional mechanical properties. The function of this growth
factor cocktail appears to be in rapidly expanding cell num-
bers (*10 days for 10�increase in cells), priming the ex-
panded chondrocytes for rapid matrix synthesis in the 3D
scaffold environment, and preventing phenotype dedifferen-
tiation observed in mammalian chondrocytes in monolayer
culture, including the canine model used in this paper.19,50

Gene expression results confirmed that the adult canine
chondrocytes possessed a synthetically active phenotype fol-
lowing passaging and encapsulation in the agarose matrix.
This change in phenotype may also be dependent on the

scaffold as agarose has been shown to maintain chondrocyte
phenotype19 as well as allow for the assembly and synthesis of
biomimetic GAG molecules51 and type II and type VI colla-
gens.48,52 It is well known that mature chondrocytes are not as
functionally active as juvenile cells and express a phenotype
preferring homeostasis rather than rapid matrix develop-
ment.53 Indeed, the freshly harvested adult canine chon-
drocytes in study 1 did not develop a functional matrix in an
agarose hydrogel scaffold, contrary to well-established pub-
lished results with juvenile bovine cells.18,20 As the cells uti-
lized for human cartilage repair treatments are likely to be
from older adults, this growth factor expansion step is of
crucial importance in the development of a mechanically
competent engineered tissue. In addition, the chondrocyte
passaging procedure for humans will likely utilize autologous
human serum (as opposed to the FBS used in this study) or
require the development of serum-free passaging media to
remove any risk of an immunogenic response.

The in vivo experiments were performed to assess the
biocompatibility and immune response of a host animal to the
implanted engineered cartilage tissue. A focal defect model
using dogs was chosen for this purpose, as the canine model
provides for assessment in a clinically relevant species in
which the anatomy, physiology, and biomechanics of the knee
are similar to humans. Importantly, the feasibility of surgery,
postoperative management, and outcome assessments are
similar to humans such that experiments can yield clinically
applicable data. The ability to obtain multiple matched assess-
ments from the same joint, utilize nondestructive assessments

FIG. 5. Gross pictures of implanted chondral constructs cored from defect site compared with an osteochondral core from
normal contralateral canine knee (A) show excellent integration with underlying bone. Unstained (B) and hematoxylin and
eosin–stained (C) sections of the chondral construct repair site reveal no gap between the margins of the defect (white arrows)
and implant (*). Osteochondral constructs exhibited all of the aspects of chondral constructs and good bone–tantalum
integration after 12 weeks of culture (D). Color images available online at www.liebertonline.com=ten.
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(e.g., arthroscopy), and perform controlled longitudinal
studies using this model enhances our ability to adhere to the
‘‘refine, reduce, and, to some degree, replace’’ effort in animal
research advocated by the NIH. Chondral and osteochondral
constructs were utilized for this as it was unknown a priori
whether a chondral-only construct would integrate with the
surrounding tissues and remain in the defect site.

The lack of any fulminate joint effusion or infiltrates of
inflammatory cells on cytologic and histologic assess-
ments suggests that intraarticular implantation of allogeneic
chondrocyte-seeded agarose constructs were well tolerated
such that healing=integration occurred with no clinical, ra-
diographic, histologic, or cytologic evidence for untoward
inflammatory or immune responses. This is consistent with
preliminary human trials utilizing an agarose-alginate hy-
drogel.54 Although agarose can elicit a severe rejection
response in areas of rich blood supply, such as in a subcu-
taneous pouch,55 the lack of blood vessels and immune cells
leads to the immuno-privileged nature of the articular joint.
In addition, after in vitro culture, the agarose scaffold rep-
resents only a small fraction of the construct wet weight (at
most the initial 2%), whereas elaborated matrix represents a
much larger fraction of the construct solid mass (*2–3 times
that of the agarose in this study, *3–5 times in bovine
constructs24), and this elaborated matrix will therefore help
prevent any host–scaffold or host–allogeneic cell interac-
tions.17 Given the observed lack of biocompatibility problems,
changes in implanted tissue properties and related functional
outcomes other than biocompatibility are planned for ex-
tensive study in future work.

In conclusion, the use of a growth factor cocktail during
passaging and expansion of adult canine chondrocytes cou-
pled with the use of a well-defined culture medium supple-
mented with TGF-b3 led to the formation of an engineered
cartilage tissue with physiologic mechanical properties and no
apparent biocompatibility problems. These findings advance
the knowledge that has been compiled by our laboratories with
a juvenile bovine animal model and translate it into a clinically
relevant model for potential future use in humans. Future
studies are planned to examine the effects of dynamic defor-
mational loading in vitro before in vivo implantation along
with better understanding the changes in implanted constructs
and host tissues over time postimplantation, as well as any
benefits of osteochondral constructs. Eventually, the ultimate
goal is to scale up these findings into anatomically shaped
constructs and allow for total joint resurfacing.56,57
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