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Abstract

Background We developed a tissue-engineered biphasic
cartilage bone substitute construct which has been shown
to integrate with host cartilage and differs from autologous
osteochondral transfer in which integration with host car-
tilage does not occur.

Questions/purposes (1) Develop a reproducible in vitro
model to study the mechanisms regulating tissue-
engineered cartilage integration with host -cartilage,
(2) compare the integrative properties of tissue-engineered
cartilage with autologous cartilage and (3) determine if
chondrocytes from the in-vitro formed cartilage migrate
across the integration site.

Methods A Dbiphasic construct was placed into host
bovine osteochondral explant and cultured for up to
8 weeks (n=6 at each time point). Autologous
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osteochondral implants served as controls (n = 6 at each
time point). Integration was evaluated histologically,
ultrastructurally, biochemically and biomechanically.
Chondrocytes used to form cartilage in vitro were labeled
with carboxyfluorescein diacetate which allowed evalua-
tion of cell migration into host cartilage.

Results Histologic assessment demonstrated that tissue-
engineered cartilage integrated over time, unlike autologous
osteochondral implant controls. Biochemically there was an
increase in collagen content of the tissue-engineered
implant over time but was well below that for native car-
tilage. Integration strength increased between 4 and
8 weeks as determined by a pushout test. Fluorescent cells
were detected in the host cartilage up to 1.5 mm from the
interface demonstrating chondrocyte migration.
Conclusions Tissue-engineered cartilage demonstrated
improved integration over time in contrast to autologous
osteochondral implants. Integration extent and strength
increased with culture duration. There was chondrocyte
migration from tissue-engineered cartilage to host cartilage.
Clinical Relevance This in vitro integration model will
allow study of the mechanism(s) regulating cartilage
integration. Understanding this process will facilitate
enhancement of cartilage repair strategies for the treatment
of chondral injuries.

Introduction

The goal of treating cartilage injuries is to restore joint
congruency with hyaline cartilage and to integrate this
neocartilage with surrounding host cartilage. Currently,
there are a number of surgical options, including marrow-
stimulating techniques such as microfracture [36], cartilage
transplant techniques using either autograft or allograft
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tissue [15, 16], and cell-based techniques such as autolo-
gous chondrocyte implantation (ACI) [7].

Microfracture techniques result in symptomatic improve-
ment in young patients with improved functional and qual-
ity-of-life scores [4, 36]. Other studies have demonstrated
lesions treated with microfracture can deteriorate after
2 years [26, 27], likely because of the high proportion of
fibrocartilage that replaces the injured cartilage [26]. The
need to find a cartilage replacement method resulting in
hyaline cartilage repair led to the use of autologous osteo-
chondral grafts. Unfortunately, these implants also dete-
riorate with time as a result of the lack of lateral integration
between the host and donor cartilage [16, 24]. Other disad-
vantages include difficulty matching the donor plugs to the
anatomy of the lesion and donor site morbidity [8]. To limit
donor site morbidity, the use of fresh osteochondral allo-
grafts was popularized by Gross. His studies demonstrated
long-term viability with 80% symptomatic relief at 10 years
[15]. The histologic features associated with long-term
survival of allografts include viability of chondrocytes and
replacement of graft bone with host bone [15]. Nonetheless,
lack of lateral integration was demonstrated in allograft
implants harvested as long as 25 years after implantation
[25]. Cell-based techniques such as ACI have shown supe-
rior repair cartilage with respect to both the amount of
hyaline cartilage and integration with host cartilage [6, 16].
However, a study comparing microfracture with ACI dem-
onstrated no difference in the amount of fibrocartilage and
hyaline cartilage between the two treatment groups and none
of the failures had a high hyaline cartilage content, sug-
gesting the amount of hyaline cartilage present may
influence subsequent failure [22].

Our group has developed a novel cartilage repair
implant utilizing a biphasic construct that mimics an
osteochondral implant and consists of cartilagenous tissue
integrated to the intended articulation surface of a biode-
gradable porous bone substitute (calcium polyphosphate
[CPP]) [20, 41]. There are several advantages to this
approach. The in vitro formed cartilage tissue is already
integrated with the underlying bone substitute and the CPP
allows for bone ingrowth and fixation [32]. Furthermore,
the cartilage tissue of this construct is hyaline-like, rich in
Type II collagen and proteoglycans similar to native car-
tilage. In contrast to other repair methods, the implanted
cartilage integrates with surrounding cartilage [39]. This
suggests that this system could be used as a model to study
factors influencing cartilage integration. As many cartilage
repair methods fail because of poor integration, under-
standing factors that influence integration is critical.

Thus, the aims of this study were to: (1) Develop a
reproducible in vitro model to study the mechanisms reg-
ulating tissue-engineered repair cartilage integration with
native cartilage; (2) compare the integrative properties of
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the cartilage of tissue-engineered cartilage implant with an
autologous osteochondral implant; and (3) determine if
chondrocytes from the in vitro formed cartilage migrate
across the integration site.

Materials and Methods

This study investigated the integration of tissue-engineered
cartilage with host cartilage (experimental) and compared
this to the integration of the cartilage of the autologous
osteochondral implants with host cartilage (control). Each
integration model (experimental and control) was analyzed
histologically, biochemically, and biomechanically at
2 different culture time periods, 4 and 8 weeks (n = 6 at
each time point). In addition, cell migration was evaluated
in the experimental group at 4 and 8 weeks (n = 6 at each
time point), to demonstrate if it occurs and whether the
distance migrated increased with time.

To form tissue-engineered cartilage, full-thickness artic-
ular cartilage was harvested from bovine (6- to 9-month-old)
metacarpal-phalangeal joints and chondrocytes isolated by
sequential enzymatic digestion using 0.5% proteinase
(Sigma-Aldrich Chemical Co, St Louis, MO) with 1%
antibiotics (penicillin G, streptomycin sulphate, and
amphotericin B; Invitrogen Co, Auckland, New Zealand) for
2 hours and 0.1% collagenase (Sigma-Aldrich Chemical Co)
overnight under standard cell culture conditions as previ-
ously described [41]. The chondrocytes were then seeded at a
density of 160,000 cells/mm? onto the top surface of
5.7-mm-diameter cylindrical discs of CPP surrounded by
heat-shrinkable polyolefin tubing (3 M, Austin, TX). The
tubing was prepared by placing the polyolefin over a 5.7-mm
metal rod and autoclaved to yield a tube of the correct
diameter. The tubing creates a well-like structure and pre-
vents cell spillage from the surface of the CPP. The CPP
substrates were manufactured as previously described [31].

The chondrocytes were grown in Ham’s F12 supple-
mented with 5% fetal bovine serum (FBS). On Day 5, the
serum concentration was increased to 20% FBS and
ascorbic acid (100 pg/mL; Sigma-Aldrich Chemical Co)
was added to the media. The constructs were grown for
7 days and were then placed into the integration model
explant system.

To obtain the host osteochondral tissue, bovine calf
metacarpal-phalangeal joints were exposed by an arthrot-
omy and using a mosaicplasty circular punch (4.5 mm;
Smith and Nephew, Andover, MA), an osteochondral
defect (4.5 mm x 10 mm) was created in the medial and
lateral condyles (Fig. 1). This defect size ensured that the
implant would fit tightly. A power drill with a 1.5-cm
diamond-tipped circular drill bit was used to remove the
osteochondral tissue surrounding the 4.5-mm defect from
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Fig. 1 The method utilized to
form osteochondral host tissue
explant. A doughnut-shaped osteo-
chondral explant is generated from
a segment of the bovine metacar-
pal-phalangeal joint. The arrow-
head in the last panel points to the
hole into which the implant will be
placed.

the joint surface, thus creating a doughnut-shaped host
osteochondral explant (rim of host cartilage surrounding
the previously cored-out hole). The explants were then
placed into 50-mL tubes (Becton Dickinson Labware Co,
Franklin Lakes, NJ) containing phosphate-buffered saline
(PBS) and subjected to three 20-minute washes in PBS.
They were then transferred to 12-well plates (Becton
Dickinson Labware Co) containing 3 mL of Ham’s F12
media supplemented with 1% antibiotics and incubated
overnight under standard tissue culture conditions. The
next day, the in vitro-formed biphasic constructs were
press-fit into the hole in the host osteochondral explant
(n = 6 at each time point) (Fig. 2A). Autologous osteo-
chondral implant controls (5.5-mm diameter) were
generated in a similar fashion (Fig. 2B) (n = 6 for each
time point). These implant-explant constructs were then
placed in Ham’s F-12 supplemented with 20% FBS and
ascorbic acid (100 pg/mL) and the media was changed
every 2 to 3 days. Samples were harvested at 4 or 8 weeks
of culture and the cartilage removed from the underlying
bone and/or CPP using a scalpel. Half of each sample was
used for histology, the other half for biochemical analysis.
For evaluation of the interface zone, representative tissue
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Fig. 2A-B The gross appearance of the constructs at the time of
implantation. (A) The osteochondral host tissue (white arrow)
implanted with either (A) a tissue-engineered cartilage implant
(arrowhead) or (B) with the autologous osteochondral implant
(arrowhead).

was taken, which included either tissue-engineered/host
cartilage composite or the osteochondral implant control/
host cartilage composite. The tissue was fixed in neutral-
buffered 10% formalin (EMD Chemicals, Gibbstown, NIJ)
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and embedded in paraffin. Five-micron sections were cut,
stained with either hematoxylin and eosin or toluidine blue,
and examined by light microscopy. Representative samples
of the interface were also fixed in 2% glutaraldehyde,
infiltrated with Spurr resin (Electron Microscopy Sciences,
Hatfield, PA), and examined by transmission electron
microscopy (TEM) (TecNai 20; FEI, Eindhoven, The
Netherlands).

The extent of integration was determined using light
microscopy by calculating the percent of the total interface
length between the implant and the surrounding host car-
tilage that was integrated (integration was defined as no
gap between the tissues as visualized in a histologic sec-
tion). The length of the complete integration surface
between the implant and the surrounding host cartilage was
measured. This was divided by the entire length of the
interface between the implant and host cartilage and a
percentage was determined. This was classified as 0% (no
integration), 1% to 50%, 50% to 99%, or 100% (complete
integration) and then each was assigned a value (0 =
no integration, 1 = 1%-50%, 2 = 50%-99%, or 3 =
100%). The average integration score was determined for
both the 4- and 8-week culture periods (n = 24 at 4 weeks
and n = 21 at 8 weeks).

An 8-mm biopsy dermal punch was used to harvest host
and implant cartilage for biochemical analysis. The in vitro
and host tissues were separated from each other using a
surgical blade and placed into separate tubes. Tissue was
lyophilized overnight, the dry weight determined, and
then digested with papain (Sigma-Aldrich Chemical Co;
40 pg/mL) for 48 hours at 65°C [41]. The digest was stored
at —30°C until analysis.

DNA content was determined from aliquots of the
papain digest using the Hoechst dye 33258 assay (Poly-
sciences Inc, Warrington, PA) and fluorometry (excitation:
365 nm; emission: 458 nm). Calf thymus DNA was used to
generate the standard curve [41]. The proteoglycan content
was estimated by quantifying the amount of sulphated
glycosaminoglycans using the dimethylmethylene blue dye
binding assay (Polysciences Inc) and spectrophotometry
(wavelength: 525 nm) [14]. The standard curve was gen-
erated using bovine trachea chondroitin sulfate (Sigma-
Aldrich Chemical Co). Collagen content was estimated
from the hydroxyproline content. Aliquots of the papain
digest were hydrolyzed in 6 M HCI at 110°C for 18 hours
and hydroxyproline content of the hydrozylate determined
using chloramine-T/Ehrlich’s reagent assay and spectro-
photometry (wavelength: 560 nm) [19]. L-hydroxyproline
(Sigma-Aldrich Chemical Co) was used to generate the
standard curve.

To evaluate the strength of integration, the implant
cartilage together with the adjacent host cartilage (diame-
ter = 8 mm) was removed from the CPP and bone after
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Fig. 3 An Instron 4301 mechanical testing apparatus applies a load
to the central 4 mm of the tissue-engineered implant at a rate of
0.5 mm/min until the cartilage is pushed out. The inset shows tissue-
engineered cartilage (*) and surrounding host tissue on a custom
holding block (**).

4 or 8 weeks (n = 6 at each time point). The tissue con-
taining the integration site was placed on a custom-
designed block and the outer host cartilage was fixed
(Fig. 3) with Loctite Super-Glue (Henkel Corp, Avon,
OH). Using an Instron 4301 mechanical testing apparatus
(Norwood, MA), the implant tissue was loaded at a rate of
0.5 mm/min until the implant tissue was pushed out from
the adjacent host tissue. The thickness of each sample was
measured digitally at four quadrants and the average was
used to calculate the interface area. Using LabView Data
Acquisition software (Austin, TX), the peak shear stress
was calculated by dividing the push out force by the
interface area (4nT). During the pilot experiments, we
found the autologous control constructs separated easily
indicating a lack of integration and as a result, the pushout
strength could not be determined for these samples.

To determine whether the cells in the tissue-engineered
cartilage migrate into the adjacent surrounding host carti-
lage, in selected experiments, the chondrocytes were
labeled with carboxyfluorescein diacetate (CFDA; Molec-
ular Probes, Eugene, OR) according to the manufacturer’s
protocol. In previous studies, we demonstrated cell labeling
had no effect on the ability of the cells to form tissue [2].
Briefly, chondrocytes isolated from bovine cartilage were
incubated in suspension with CFDA (2.5 uM in PBS) for
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15 minutes at 37°C. Cells were pelleted, washed twice in
Ham’s F-12 (30 minutes each), and then resuspended in
Ham’s F-12 supplemented with 5% FBS and seeded onto
CPP discs as described previously. To evaluate the effi-
ciency of labeling, an aliquot of cells were examined by
fluorescent microscopy and > 95% of the cells were fluo-
rescent. After either 4 or 8 weeks, the samples were
harvested and the cartilage (tissue-engineered and adjacent
host cartilage) removed from the bone and CPP with a
scalpel. The tissue was fixed in 10% formalin and paraffin-
embedded. Five-micron sections were cut, dewaxed, and
then visualized unstained using a fluorescent microscope
(Leica DMIL, Richmond Hill, ON, Canada; 492 nm exci-
tation, 517 nm emission) connected to a computer and
OpenLab software Version 3.1.4 (Leica DMIL). Images
were captured at x50 magnification and the light micro-
scopic and fluorescent images were superimposed on each
other using Adobe Photoshop CS software Version 8.0
(San Jose, CA) to create a composite image. The composite
image was evaluated from the tissue-engineered implant
cartilage, across the integration site, and into the host
cartilage for a distance of 1.48 mm. Cell migration was
quantified by counting both the number of labeled and
unlabelled cells in the host cartilage contiguous after

Fig. 4A-D These photomicrographs
show the histologic appearance of
implant tissue (A, B: osteochondral ;
and C, D: tissue-engineered implant) LI A - L g
and interfacing host tissue over time.
*Indicates where bone and calcium
polyphosphate (CPP) would be located
if they had not been removed from the

B

T Y L e

tissue. I = autologous implant tissue; e L Ss

EI = tissue-engineered implant tissue M, P ¥
H = interfacing host tissue; T = bone ct )
fragment. Scale bar = 0.25 mm (Stain,
hematoxylin and eosin; original magni-
fication, 50x). ofe

4 WEEKS

division of the host tissue into four quartiles (each mea-
suring 0.37 mm). This also allowed us to quantify the
distance the labeled cells had migrated into the host car-
tilage. The number of labeled cells in the four quartiles was
then compared between the 4- and 8-week culture periods.

Our statistical analyses compared the mean response of
various experimental variables in the tissue-engineered
constructs and the autologous controls at both the 4- and
8-week culture periods. The response variables included
the extent of integration, biochemical testing (DNA,
hydroxyproline, and GAG content of the explant integra-
tion interface), and mechanical testing (maximum force to
failure, normalized pushout force). For the extent of inte-
gration and cell migration responses, because no control
group was available, a comparison of the mean response in
the tissue-engineered constructs at 4 and 8 weeks was
performed. These various two-sample comparisons were
carried out using a two-sided Welch’s t statistic [42]. To
model the number of cells that migrated at the two time
points (4 and 8 weeks) in the four different zones, we used
a generalized linear model with a Poisson distribution for
the cell count and a quasilikelihood estimation method to
account for some overdispersion [1]. We also performed a
one-sided Welch’s t statistic to test a decrease in cell

8 WEEKS
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counts at 8 weeks versus 4 weeks in each zone. The sta-
tistical software used was SPSS (Chicago, IL) and R
(R Development Core Team, http://www.R-project.org).

Results

Macroscopic examination revealed the tissue-engineered
host cartilage composites were integrated at both the 4- and
8-week culture periods. In contrast, the autologous osteo-
chondral controls did not demonstrate any integration at
either 4- and 8-week time points confirming integration did
not improve with time.

Histologic assessment of the autologous control
implants demonstrated that both the implant and sur-
rounding cartilage were intact (Fig. 4A-B). However, no
cells were seen in a narrow zone (up to 0.05 mm) adjacent
to the integration site in most of the host cartilage explants
suggesting chondrocyte death. There was no lateral inte-
gration at either 4 or 8 weeks as there was a continuous gap
between the implanted cartilage and the surrounding host
cartilage interface. In contrast, the tissue-engineered con-
structs demonstrated integration with the adjacent host
cartilage (Fig. 4C-D), although the extent of integration
was variable at 4 weeks (Fig. 5). TEM demonstrated thin
collagen fibers similar to those seen in the tissue-engi-
neered cartilage, at the interface region extending into the
host cartilage (Fig. 6).

Tissue integration was semiquantified histologically. As
autologous control implants did not show any integration
histologically, no integration score could be determined for
these samples. After 4 weeks, the percent integration of
tissue-engineered implants with the surrounding host tissue
was low (Fig. 5A). However, by 8 weeks, the distribution
shifted toward a higher percent integration (Fig. 5SA). The
average score at 8 weeks (2.0 & 0.2) was greater
(p = 0.002) compared with 4 weeks (1.0 &+ 0.2) (Fig. 5B;
n = 24 at 4 weeks and n = 21 at 8 weeks).

Although histologically the tissue-engineered cartilage
appeared more cellular than the surrounding host cartilage,
there was no statistical difference in the DNA content
normalized to dry weight at the 4- or 8-week time points
between the tissue-engineered and autologous control car-
tilage (Fig. 7). As well, there were no differences in GAG
content between the two at either time point. Hydroxy-
proline content was higher in the surrounding host cartilage
compared with the tissue-engineered cartilage at both the
4- (p = 0.009) and 8- (p = 0.003) week intervals. As well,
at 8 weeks, the hydroxyproline content was increased
(p = 0.009) in the tissue-engineered implant compared
with 4-week samples. The hydroxyproline content of the
autologous cartilage control implant was similar to that in
the host cartilage.
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The tissue-engineered implants were tested using a pu-
shout test to evaluate integration strength over time. The
maximum force to failure of the 8-week samples (2.80 £
0.6 N) compared with the 4-week samples (1.40 £ 0.3 N)
was higher (p = 0.002, n = 6) (Fig. 8). The normalized
pushout strength (maximum force normalized to integra-
tion area) for tissue-engineered constructs increased from
the 4- to 8-week cultivation period from 56.7 £+ 8.4 kPa to
120 +£ 30.5 kPa.

CFDA-labeled fluorescent cells were seen in the host
cartilage and were more numerous at 8§ weeks as com-
pared with 4 weeks. As well, the cells seemed to migrate
further into the host tissue with time (Fig. 9). No differ-
ence (p = 0.17) in the number of labeled cells closest to
the interface (Zone 1) at 8 weeks compared with 4 weeks
was observed. However, by 8 weeks, there were more
cells distant (beyond 0.37 mm) to the host cartilage
edge in the three distal zones (Zone 2: p = 0.05:
Zone 3: p = 0.03; and Zone 4: p = 0.05) (Table 1). No

12 4

@4 week Culture

10 | — 8 week Culture

Number of Samples
[}

A 0% integration  1-50%integration 50-99%integration 100% integration

Integration Score

0.5

0 p
B 4 week Culture duration

8 week Culture duration

Fig. SA-B The integration of tissue-engineered constructs with
surrounding host tissue was evaluated semi-quantitatively. Light
microscopy images were assessed for the extent of integration at
4 and 8 weeks. (A) Histogram showing the number of samples
demonstrating the percent of integration. The distribution demon-
strated a significant increase (p = 0.002) in integration with time
when the average integration score at 4 and 8 weeks of culture were
compared (B).
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Fig. 6A-D Transmission elec-
tron microscopic images of the
tissue-engineered implant and
host cartilage interface at (A, B)
4 and (C, D) 8 weeks. The host
cartilage was characterized by the
presence of large collagen fibers,
whereas the in vitro-formed car-
tilage had fewer collagen fibers
that were smaller and thinner than
those observed in the adjacent
host tissue. At sites of integration,
smaller fibers were seen admixed
with the larger fibers. These inter-
digitating fibers were present by
4 weeks and seemed to increase
in number with time. Both
intact and necrotic chondrocytes
were seen at the interface in
some of the implants. EI = tissue-
engineered implant tissue; H =
interfacing host tissue.

fluorescent cells could be seen when unlabeled cells were
used to form the cartilage confirming chondrocytes were
not autofluorescent.

Discussion

Integration with the surrounding cartilage is critical for
successful cartilage repair to provide normal stress distri-
bution with weightbearing and prevent future tissue
degeneration [12]. We compared cartilage integration of
tissue-engineered biphasic constructs to autologous osteo-
chondral implants histologically, ultrastructurally,
biomechanically, and biochemically. In addition, chon-
drocyte migration from tissue-engineered cartilage to host
cartilage was evaluated.

Our study has a number of limitations. First, this is an
in vitro system so it is not subjected to the in vivo envi-
ronment such as the presence of inflammatory cells or
synovial fluid, conditions that can affect chondrocyte

function. Second, it is a static model and is not subjected to
weightbearing, which may also influence integration.
However, in spite of these two limitations the model clearly
mimics what happens in vivo, that is, lateral integration of
tissue-engineered cartilage to host cartilage. Third, some
chondrocytes demonstrated loss of fluorescence with time
in culture while others continued to demonstrate strong
fluorescence. This loss of fluorescence may have occurred
as a result of cell division. However, this was not considered
significant as our goal was not to define an absolute number
of cells that migrated across the integration zone but to
demonstrate that cell migration does occur. Finally, the
integration strength of the tissue-engineered construct did
not reach the levels of native cartilage. However, we pre-
sume this is not critical to the model as it does show
increasing strength over time. It is possible the integration
strength may reach that of native cartilage with longer cul-
ture periods and this will be investigated in future studies.
Using in vitro-formed and native osteochondral plugs,
we demonstrated this model system recapitulates what
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Fig. 7A-C At 4 weeks (white bars) and 8 weeks (gray bars) of
culture, the implant and host tissues were assessed for (A) DNA,
(B) GAG, and (C) OH-proline content. These were normalized to dry
weight and expressed as mean £ SEM.

occurs in vivo, eg, integration of tissue-engineered carti-
lage with host cartilage and no integration of the cartilage
of autologous osteochondral implants. Furthermore, the
extent and strength of integration were both shown to
increase with time. Importantly, the DNA content of these
tissues under these conditions did not change between
4 and 8 weeks. Interestingly, integration occurred although
the adjacent host cartilage had a hypocellular zone, a fea-
ture others have shown prevents (or limits) integration
[29, 30, 34]. This finding suggests repair cartilage may be
primarily responsible for integration. Although we do not
yet know the mechanism(s) regulating integration, our
findings suggest the process may involve collagen pro-
duction and cell migration. The contribution of collagen to
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Fig. 9A-B Unstained light microscopic and fluorescent images of
tissues at (A) 4 and (B) 8 weeks of culture were captured at x50
magnification and superimposed on each other using Adobe Photo-
shop CS software Version 8.0 to create a composite image of each
sample. Arrows point to carboxyfluorescein diacetate (CFDA)-
positive cells (green) that have migrated into the host cartilage.
EI = tissue-engineered implant tissue; H = host tissue.

integration was demonstrated by ultrastructural examina-
tion of the integration site. This revealed collagen fibers
similar to those seen in repair cartilage in the native
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Table 1. Evaluation of chondrocyte migration across the integration zone*

Culture time Conditions Zone 1 Zone 2 Zone 3 Zone 4
0-0.37 mm 0.37-0.74 mm 0.74-1.1 mm 1.1-1.5 mm
4 weeks Total number of cells counted 86.8 + 35.9 124.8 £ 43.6 134.7 £ 45.0 106 + 36.4
Percent CFDA-labeled cells 359 4+ 149 13.8 £ 5.0 12.1 £ 7.4 15.8 £ 12.3
8 weeks Total number of cells counted 72.0 £ 244 97.8 £ 38.3 92.0 +43.2 66.7 + 39.9
Percent CFDA-labeled cells 55.1 £ 22.6 30.7 + 18.8 343 + 16.5 40.7 £ 233

* Chondrocytes were labeled with CFDA and the number of fluorescent CFDA-labeled chondrocytes present in the native cartilage and the
distance migrated into the host cartilage over time was quantified as described under the Materials and Methods; Zone 1 is adjacent to the
interface and Zone 4 is the farthest from the interface; CFDA = carboxyfluorescein diacetate.

cartilage, at the integration site, only where there was a
continuous interface between the tissue-engineered carti-
lage and the surrounding host tissue. Biochemical analysis
also supported a role for collagen as there was an increase
in collagen content in the tissue-engineered implants
between 4 and 8 weeks. In contrast, there was no differ-
ence in cellularity or proteoglycan content between the
tissue-engineered cartilage and the cartilage of the osteo-
chondral plug. Ahsan et al. reported that collagen
deposition contributed to cartilage integration in their
in vitro model system, as inhibition of collagen crosslink-
ing inhibited integration [3]. In another study integration
between live and devitalized cartilage has been shown to be
dependent on collagen deposition [12].

Ideally, the biomechanical properties of the integration
site should be near that of native tissue. Our study mea-
sured the strength of the interface of tissue-engineered
cartilage/host cartilage, which was not held together with
fibrin glue or sutures, as has been used in some other
investigations [29, 35]. Although the strength of integration
increased over time by 8 weeks it was still an order of
magnitude less than the pushout strength of intact healthy
cartilage (8.8 MPa) [40]. However, it was almost fivefold
higher (28 kPa at 4 weeks) than that observed in another
in vitro model [38]. It may be that with even longer cul-
ture periods or mechanical loading that the strength of
integration will continue to improve. The absence of sub-
stantial integration of the native osteochondral implants in
our model mimics what occurs in vivo in mosaicplasty
confirming the appropriateness of our model.

It has been speculated that the inability of chondrocytes
to migrate to a site of injury may be the reason for inferior
repair of damaged cartilage [21]. Our study showed that
bovine chondrocytes are motile although their role in
cartilage repair and integration in this model is unknown.
Previous studies in our laboratory have highlighted the
importance of matrix remodeling, mediated in part by the
protease MTI1-MMP, in improving tissue formation
[9, 10]. Given the role of MTI-MMP in cell migration
[11, 37], it is possible this metalloprotease is involved in

chondrocyte motility; however, further study is required to
confirm this.

Although there was cell death on the host side in our
model, the engineered tissue was still able to integrate. This
is contrary to other studies showing inhibition of cell death
was essential in promoting integration [13, 21]. We do not
know why our system differs in this respect, but it may be
that the extent of contact between the implant and sur-
rounding tissue is critical for the efficacy of integration. As
a result of the surgical technique, a tight press-fit was
achieved, a feature shown by others to improve stability
and subsequent integration [23]. Huang et al. has demon-
strated cartilage incongruity is not as well tolerated in
osteochondral grafting in fracture management [17]. Fur-
thermore, we observed samples that were countersunk or
left proud did not integrate well (data not shown), sup-
porting the importance of surgical technique and matching
cartilage height to facilitate integration. It is possible that a
close fit facilitates cell migration.

Spindle cell overgrowth (pannus-like tissue) onto the
surrounding cartilage was also observed in some samples at
both the 4- and 8-week time points. Interestingly, this did
not appear to change over time. Others studies examining
cartilage integration have also observed fibrous tissue
overgrowth [28, 33] and that removing the tissue over-
growth resulted in decreased biomechanical pushout
strength suggesting its presence may lead to an overesti-
mation of integrative strength [28].

Many factors have been shown to undermine the inte-
gration of repair cartilage with native cartilage. Articular
cartilage does not have a vascular supply and nutrients
must come from synovial fluid making spontaneous repair
difficult [5]. Current surgical techniques have been shown
to cause cell death at the cut surfaces. The low cellularity
of surrounding cartilage may not be able to compensate for
this chondrocyte loss [18]. Thus, the advantage tissue-
engineered cartilage implants may have over current
autologous transplants is the high cellularity and, as shown
here, the potential for some cells to migrate across the
integration zone. Understanding the mechanisms regulating
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the integrative process is important because we know that
in the long term, if integration does not occur, then carti-
lage replacement strategies will go on to deteriorate and
fail [18].
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