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ABSTRACT: Autologous Chondrocyte Implantation (ACI) is a widely recognized method for the repair of focal cartilage defects. Despite
the accepted use, problems with this technique still exist, including graft hypertrophy, damage to surrounding tissue by sutures,
uneven cell distribution, and delamination. Modified ACI techniques overcome these challenges by seeding autologous chondrocytes
onto a 3D scaffold and securing the graft into the defect. Many studies on these tissue engineered grafts have identified the
compressive properties, but few have examined frictional and shear properties as suggested by FDA guidance. This study is the first to
perform three mechanical tests (compressive, frictional, and shear) on human tissue engineered cartilage. The objective was to
understand the complex mechanical behavior, function, and changes that occur with time in these constructs grown in vitro using
compression, friction, and shear tests. Safranin-O histology and a DMMB assay both revealed increased sulfated glycosaminoglycan
(sGAG) content in the scaffolds with increased maturity. Similarly, immunohistochemistry revealed increased lubricin localization on
the construct surface. Confined compression and friction tests both revealed improved properties with increased construct maturity.
Compressive properties correlated with the sGAG content, while improved friction coefficients were attributed to increased lubricin
localization on the construct surfaces. In contrast, shear properties did not improve with increased culture time. This study suggests
the various mechanical and biological properties of tissue engineered cartilage improve at different rates, indicating thorough
mechanical evaluation of tissue engineered cartilage is critical to understanding the performance of repaired cartilage. � 2017
Orthopaedic Research Society. Published by Wiley Periodicals, Inc. J Orthop Res
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In the last 20 years, a variety of tissue engineered
strategies have shown promise in repair of focal
cartilage defects.1 Autologous chondrocyte implanta-
tion (ACI) is a widely recognized method for articular
cartilage repair as evidenced by the vast number of
scientific contributions in the fields of experimental
and clinical research.1,2 ACI delivers autologous
chondrocytes into a defect and secures them under a
periosteal flap. This technique has shown, through
histology and integration measures, the potential to
repair full-thickness cartilage defects.3 Despite this
promise, problems persist with graft hypertrophy,
damage to surrounding tissue by sutures, uneven cell
distribution, and delamination.

The use of modified ACI techniques aims to over-
come these technical disadvantages.3 Modified ACI
techniques create tissue engineered grafts by seeding
autologous chondrocytes onto a 3D scaffold and secur-
ing the graft into the defect. Such techniques have
been shown to promote integration between the graft
and the surrounding tissue and allow for more even
distribution of cells.4 Many studies on these tissue
engineered grafts have identified compressive tissue
properties, to augment data on biological markers
such as sGAG and collagen content. However, other
metrics of mechanical performance, such as frictional
and shear properties, have not been studied in detail.
These metrics have been identified by the FDA as
critical for assessing implant performance.5 Addition-
ally, low frictional properties and the appropriate
shear properties provide load support and reduce
chondrocyte apoptosis, protecting the joint from dam-
age and wear.6,7 Despite the importance of frictional
and shear properties to cartilage function, only six
studies on tissue engineered cartilage have identified
shear properties, while even fewer (two studies) have
identified frictional properties, of articular cartilage
implants.8–14

The current study was motivated by the lack of data
on the mechanical properties of human tissue engi-
neered cartilage constructs. Although the frictional
properties of tissue engineered cartilage constructs with
human MSC has been documented,15 until now, no
published papers have documented the frictional and
shear properties of cartilage tissue engineered from
human articular chondrocytes. Similarly, no human
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tissue engineered cartilage studies have examined all
three mechanical properties examined in this paper
(compressive, friction, and shear).

We studied a tissue engineered cartilage implant
made using the same cell source, scaffold and hypoxic
culture conditions used to produce NeoCart1, which is
currently in phase III clinical trials.16,17 In human
trials, these implants have shown good integration,
good defect filling, progressive maturation of collagen,
and organized collagen formation. Therefore, the objec-
tive of this study was to understand the complex
mechanical behavior, function, and changes that occur
in human chondrocyte seeded collagen constructs
during in vitro culture using multiple mechanical
tests, which measure the compressive, frictional, and
shear properties of the constructs.

METHODS
Tissue Construct Preparation
Constructs were prepared using a modified established
technique.16,17 Briefly, cadaveric normal human articular
cartilage tissue of a 28-year-old male was obtained under
protocol from National Disease Research Interchange (NDRI,
Philadelphia, Pa), then processed by enzymatic digestion
with collagenase (Worthington Biochemical, Lakewood, NJ)
to yield chondrocytes. Chondrocytes were isolated, expanded
in DMEM/F12 culture medium containing 10% fetal bovine
serum (Gibco, Thermo Fisher Scientific, Waltham, MA)
through passage 1 at 37˚C under 5% CO2, seeded using
3mg/ml type I collagen solution (PureCol, Advanced Bioma-
trix, San Diego, CA), at a concentration of 5� 106 cells/ml,
and pipetted onto 6mm diameter by 1.5mm thick type 1
collagen honeycomb scaffolds (Koken, Tokyo, Japan). Both
the scaffold and the collagen solution were produced from
extracts of bovine dermis. Day 0 constructs consisted of the
honeycomb scaffold infused with 3mg/ml type I collagen
solution without cells and incubated in culture medium
overnight at 37˚C. Cell seeded constructs at the remaining
time points (1, 3, 5, and 7 weeks) were incubated under low
oxygen (<5%) conditions at 37˚C and 5% CO2 in static
culture with media changes at regular intervals. Constructs
were removed from culture at multiple stages of development
(1, 3, 5, and 7 weeks post seeding) and frozen at �20˚C. A
total of 40 constructs were allocated for each mechanical test
described below, with eight constructs tested at each time
point (0, 1, 3, 5, and 7 weeks). Additionally, human articular
cartilage from cadavers was examined using each of the
following methods to provide mature tissue reference data.

Histology
Constructs were prepared for histology according to standard
procedure in that they were fixed in 10% neutral buffered
formalin for 24–48h, embedded into paraffin blocks, and
sectioned at a thickness of 10mm. Slide mounted constructs
were cleared using xylene and a series of progressively
stronger ethanol baths. To detect the presence of sulfated
glycosaminoglycan (sGAG), sections were stained using Saf-
ranin-O/Fast Green.

Immunohistochemistry
Immunohistochemistry was conducted in a similar manner
to methods previously described.18 Slide mounted 5mm
sections were stained for localized lubricin using a modified

Vectastain ABC kit protocol (Vector Laboratories, Burlin-
game, CA). Slides were cleared using xylene and dehydrated
in ethanol, then incubated for 20min in a citrate antigen
retrieval buffer (10mM citric acid, pH 6.0) at 90˚C. Slides
were washed twice for 5min in TRIS buffered saline with
0.5% polysorbate 20 and incubated for 30min in 3% hydro-
gen peroxide. A blocking solution containing normal serum,
bovine serum albumin, triton X-100, and TWEEN-20 was
applied for 60min. The primary antibody (ab28484, Vectas-
tain ABC) was applied overnight in a humidity chamber. A
secondary antibody was applied for 30min. Staining was
then carried out by a peroxidase substrate (ImmPACT DAB,
Vector) for up to 10min.

Biochemistry
After confined compression testing, constructs were analyzed
for biochemical content. Constructs were lyophilized and
weighed to obtain construct dry weight. Then, constructs
were papain digested at 60˚C for 14h. sGAG content was
measured using a Dimethylmethylene Blue (DMMB) assay.19

Confined Compression
Constructs were tested in confined compression to determine
the equilibrium modulus as previously described.20,21 Briefly,
constructs were thawed in a bath of phosphate buffered
saline (PBS) with protease inhibitors. Constructs were cut
into 4mm circles using a dermal punch and placed in a 4mm
diameter confining chamber, covered with a porous plug and
PBS with protease inhibitors, and mounted in a Bose
EnduraTEC ELF 3200 (Eden Prairie, MN) for stress relaxa-
tion testing. Prior to testing, construct heights were mea-
sured with a caliper. A series of 5% steps in strain were
imposed on each construct up to a maximum of 40% strain.
After each step, the resultant load (and hence stress) was
measured for 20min. The stress relaxation curves were fit to
a poroelastic model of material behavior to calculate equilib-
rium modulus (HA) and hydraulic permeability (k) using a
custom MATLAB code.

Friction Testing
Friction testing was performed on a previously described,
custom tribometer.20,22 Cartilage constructs were thawed in
a bath of PBS with protease inhibitors at 37˚C for 10min.
Constructs were then mated against a flat polished glass
counterface while bathed in PBS with protease inhibitors.
Before friction testing, constructs were compressed to 45%
axial strain and allowed to depressurize over the course of
40min resulting in average normal loads of 80 g. After fluid
pressure dropped to ambient pressure, the glass counterface
was reciprocated at 0.1mm/s. This combination of normal
load and sliding speed has been shown to produce boundary
mode lubrication.20 These studies measured boundary fric-
tion coefficient in the absence of interstitial fluid pressuriza-
tion. Although interstitial fluid pressurization is important
throughout the gait cycle,23 we chose to measure boundary
friction coefficient because it represents the potential upper
bound on friction and hence may be an important predictor
of graft damage. Friction coefficients were recorded as the
ratio of shear load to the normal load at the end of sliding,
when friction had reached an equilibrium value, and aver-
aged for both the forward and reverse sliding directions.

After measuring the friction coefficient, constructs were
placed in a ADE Phase Shift MicroXAM Optical interferometric
profilometer to measure surface roughness. The profilometer
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uses non-contact white light profilometry to measure the 3D
surface roughness of constructs.

Shear Confocal Strain Mapping
The shear modulus of constructs was obtained using
previously established protocols.24–26 Briefly, constructs
were bisected longitudinally into hemi-cylinders then
exposed to 14mg/ml 5-dichlorotriazinyl-aminofluorescein
(5-DTAF) (Molecular Probes1, Grand Island, NY) for
30min followed by a 20min rinse in PBS with protease
inhibitors. Constructs were mounted between two plates
on a tissue deformation imaging stage (TDIS) and placed
on an inverted Zeiss LSM 510 5 live confocal microscope,
then imaged using a 488 nm laser. Before shear testing,
constructs were compressed to a 10% axial strain and
allowed to undergo stress relaxation for 40min. After
stabilization, constructs were subject to a 1% oscillatory
shear strain at a frequency of 1Hz. The stress was
calculated by measuring the force on the back plate of the
TDIS and measured construct cross-sectional area. The
shear strain on the system was measured by subtracting
the transverse displacement of the back plate from the
front plate and dividing by the construct depth. The shear
modulus of the construct was then calculated by dividing
the measured stress amplitude over the measured strain
amplitude.

Statistical Analysis
The Kolmogorov–Smirnov goodness-of-fit hypothesis test was
used to determine the distribution of constructs. Since data
for time points was non-parametric, a two-way ANOVA
based on ranks and a post-hoc analysis for pairwise compari-
son was performed using Dunn-Sidak difference criterion to
determine statistical significance (p< 0.05). Each time point
was then compared to the human cartilage control using a
two sided Wilcoxon rank sum test. All statistical analyzes
were carried out in MATLAB and expressed as a mean�SD.
To determine the relationship between composition and
mechanical properties, the presence of sGAG on HA and k
was determined by linear regression. Regressions were
considered significant for p< 0.05.

RESULTS
Histology and Immunohistochemistry
Slide-mounted constructs stained with Safranin-O
revealed a progressive increase in the proteoglycan
content on the surface of the collagen scaffold with time.
Signs of proteoglycans lining the inside of the collagen
scaffold began after 1 week in culture and increased
with increased culture time (Fig. 1A). By 7 weeks there
was considerable proteoglycan deposition on the outside
of the construct with a small amount of proteoglycan
within the scaffold pores.

Similarly, constructs stained with lubricin antibodies
revealed increased localization of lubricin coinciding
with sGAG content on the construct surface and lining
of the scaffold pores. After 1 week in culture constructs
showed little lubricin on the surface. After 7 weeks,
staining revealed increased lubricin near the construct
surface and lining of the collagen scaffold (Fig. 1B). High
magnification images revealed that cells on the construct

surfaces were positive for lubricin at 1 and 3 weeks, but
there was little lubricin present in the scaffold. Cells
remained positive for lubricin at 5 and 7 weeks with
considerable ECM staining at 7 weeks.

sGAG
A DMMB assay revealed sGAG content continuously
increased from 2.5�1.1mg sGAG per mg construct dry
weight at 1 week, to 212.3�58.8mg/mg at 7 weeks
(p< 0.001). Constructs grown for 7 weeks in culture
reached values not significantly different from human
cartilage (285.0� 122.6mg/mg, p¼0.38, Fig. 2A).

Confined Compression
Confined compression tests revealed a significant differ-
ence between the aggregate modulus at 0 week
(0.10� 0.04MPa) to 7 weeks (0.30� 0.14MPa, p< 0.05,
Fig. 3A). After 7 weeks in culture, the aggregate
modulus reached values approximately 50% of human
cartilage (0.59� 0.18MPa) with constructs incubated
for 7 weeks remaining significantly different than
human cartilage (p< 0.05). The hydraulic permeability
of engineered constructs decreased from 0 weeks
(55�10�15� 12�10�15m2/Pa-s) to 7 weeks in culture
(23�10�15� 7.1�10�15m2/Pa-s, p<0.05, Fig. 3B). Af-
ter 7 weeks in culture, the construct hydraulic perme-
ability was significantly different than human cartilage
(p<0.05) with construct values approximately 51%
more than human cartilage (12� 10�15�2.5� 10�15

m2/Pa-s).

Coefficient of Friction
A custom built cartilage on glass tribometer revealed a
decrease in friction coefficient from 0 week constructs
(0.40�0.04) to 7 week constructs (0.24�0.093,
p<0.005, Fig. 4A). After 3 weeks of culture, friction
coefficients stabilized to values not significantly different
than human cartilage (0.22�0.016, p¼0.38). A white
light profilometer showed surface roughness values
continuously decreasing throughout culture from
122�8.77mm at 0 weeks to 3.41� 1.02mm at 7 weeks
(p< 0.001). Surface roughness of constructs grown for
7 weeks in culture were not significantly different than
human cartilage (2.27�1.00mm, p< 0.05, Fig. 4B and
C). Friction coefficients were positively correlated with
construct roughness (R2¼0.85, p¼0.014, Fig. 4D).

Confocal Strain Mapping
Confocal imaging of the constructs under oscillatory
shear strain revealed no significant difference in the
shear modulus of engineered constructs between 0 weeks
(0.06�0.07MPa) and 7 weeks (0.15� 0.10MPa,
p¼0.44, Fig. 5). The shear modulus measured at all
time points remained 4–16 times less than human
cartilage (0.95� 0.36MPa, p< 0.05).

DISCUSSION
The goal of this study was to characterize changes in
the compressive, frictional, and shear mechanical
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properties of human chondrocyte seeded collagen
constructs during in vitro culture. In this study, we
showed improvement in the compressive and frictional
properties of the constructs but no change in the shear
properties. While a few studies have characterized the
frictional and shear properties of tissue engineered
articular cartilage constructs cultured with bovine or
porcine cells,8–10,27,28 this study is the first to perform
such analysis on human chondrocyte-seeded implants.
Additionally, only a few previous studies have charac-
terized the compressive properties of human chondro-
cyte seeded implants.29–32 Overall, the results of this

study provide a deeper understanding of the spectrum
of mechanical behavior exhibited by tissue engineered
human articular cartilage. Specifically, we found that
while all mechanical properties of human tissue
engineered cartilage constructs nominally improved
with time, frictional properties approached native
values by 3 weeks and compressive properties by
7 weeks, while shear properties remained constant
and did not reach values similar to native tissue over
this time frame. This pattern of differential recovery of
mechanical properties has been noted previously in
animal studies.27 Specifically, a previous 1 year in vivo

Figure 1. (A) Safranin-O staining revealed increased sGAG deposition on the construct surface and collagen fibers with increased
culture time. (B) Lubricin staining of constructs revealed little to no lubricin on the construct surface after 1 week in culture. The
amount of lubricin staining on the surface of constructs and lining the inside of constructs increases over the 7 weeks of culture.
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horse study that implanted a matrix induced autolo-
gous chondrocyte implant (MACI1), a collagen scaffold
seeded with chondrocytes, found that frictional proper-
ties reached values similar to native tissue, compres-
sive properties reach 70% of native tissue, and shear
properties remained 4–10 times less than native
tissue.

The compressive properties of our constructs follow
similar temporal patterns to previous studies on tissue
engineered cartilage. Tissue engineered studies using
human articular chondrocytes grown in vitro produced
compressive values about 50% of native tissue.30,31 In
contrast, previous studies using animal derived chon-
drocytes (porcine, bovine, and canine) have shown
compressive properties that range from 14 to 90% of
native cartilage.8,33–36 The incorporation of growth
factors and mechanical stimulation is known to en-
hance cartilage production and contributes to the
improved compressive properties seen in some of these
studies.37,38 Without dynamic culture conditions, our
construct compressive properties reached values (50%
of native tissue) similar to previous studies on human
chondrocyte seeded constructs and some animal chon-
drocyte seeded constructs. These results provide

evidence that additional stimulation such as growth
factors or mechanical loading may be necessary to
improve the compressive properties.

Since the optimal goal of tissue engineered cartilage
is to reproduce mechanical function in vivo, previous
in vivo animal studies provide a benchmark for
functional compressive properties. The use of both ACI
and MACI techniques in vivo have reported compres-
sive properties at or below the properties of native
tissue. In an 8 month equine model, the ACI technique
reported an aggregate modulus 12% of native tissue.39

Stiffness tests in ovine models with a MACI type II
collagen membrane for 1 year resulted in values
37–50% of native tissue.40 The same implant grown in
an equine model reported compression values ranging
between 40 and 70% of native tissue at 8 months and
1 year, respectively.27,41 Variability between in vivo
animal models occur due to the type of animal and the
repair technique. In contrast, after only 7 weeks of in
vitro culture, our human constructs provide compara-
ble or better results than multiple animal models
grown for longer durations, thus providing similar or
better load support.

Many studies have shown a strong correlation
between the sGAG content and the compressive prop-
erties of native cartilage, but the influence of sGAG on
the compressive properties of tissue engineered carti-
lage is less understood.42,43 A few previous studies
have identified a correlation between the sGAG con-
tent and the aggregate modulus of tissue engineered
cartilage.44,45 This study also revealed a correlation
between the sGAG content and the aggregate modulus
(R2¼0.67, p¼0.046, Fig. 6A) in addition to the sGAG
content and hydraulic permeability (R2¼0.64, p¼0.05
Fig. 6B). Therefore, changes in the sGAG content of
these tissue engineered constructs greatly influences
the compressive properties.

Although sGAG content and compressive properties
are correlated, the non-heterogeneous deposition of
sGAG in the construct may be preventing the compres-
sive properties from reaching similar values to native
tissue. Chondrocytes on the outer surface of the
scaffold tended to produce large amounts of sGAG
while deposition within the scaffold was sparse.

Figure 2. Changes in the biochemical composition of the
constructs with increased culture time. sGAG content, normal-
ized to dry weight, increased continuously during the 7 weeks of
culture time. After 7 weeks in culture, construct sGAG content
was not significantly different than human cartilage. (�p<0.05
vs. 0 day constructs, þp<0.05 vs. human cartilage, N¼3 for
human cartilage).

Figure 3. Changes in the confined compression tests. (A) The aggregate modulus increased from 0 weeks to 7 weeks in culture and
reached values not statistically different than human cartilage at 7 weeks in culture. (B) The hydraulic permeability of constructs
decreased from 0 to 7 weeks approaching human cartilage values (�p<0.05 vs. 0 week constructs, þp<0.05 vs. human cartilage, N¼8
for all construct time points, N¼3 for human cartilage).
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Lubricin staining revealed cells scattered throughout
the scaffold at all time points. As such, the sGAG
production and proliferation on the construct surface
may be caused by the greater exposure of nutrients
from the culture medium. This result has been seen in
a previous porcine chondrocyte seeded collagen scaf-
fold grown with growth factors.36 In this porcine study
histology images revealed early sGAG production was
concentrated on the scaffold surface. More uniform
scaffold filling occurred after 42 days of growth. In
fact, more uniform defect filling has been seen after 3
months in in vivo human studies using the same
scaffold and cell source as this study.17 Since the cells
are dispensed with type I collagen into the scaffold, it

is possible that the sGAG and type II collagen are
being produced as the type I collagen within the
scaffold is slowly being degraded. The progressive
ECM fill within the scaffold over time suggests that as
the collagen type I is degraded access to nutrients
inside the scaffold increases.

Unlike the compressive properties, which correlate
with sGAG content, the friction coefficient of tissue
engineered constructs is influenced by the lubricin
concentration on the cartilage surface. Increased lubri-
cin concentration on the cartilage surface is known to
reduce the friction coefficient of native tissue and
engineered constructs.20,46,47 The decreased surface
roughness of 7 week constructs created a smooth

Figure 4. Friction and surface roughness of constructs over time. (A) The boundary mode friction coefficient of constructs decreased
with culture time. (B) The surface roughness decreased continuously from 0 to 7 weeks. After 7 weeks in culture construct surface
roughness reached values not statistically different than human cartilage. (�p<0.05 vs. 0 week, þp<0.05 vs. human cartilage, N¼7–8
for all construct time points, N¼ 3 for human cartilage). (C) Representative images of the surface roughness at each time point. (D) The
coefficient of friction correlates with the surface roughness of constructs (R2¼ 0.85, p¼0.014).
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construct surface allowing lubricin to localize to the
surface. Lubricin is a boundary mode lubricant that
has been shown to reduce the coefficient of friction of
articular cartilage.20 After 7 weeks in culture, these
constructs provided frictional properties not statisti-
cally different than native tissue. Such data is consis-
tent with previous tissue engineered cartilage studies,
indicating frictional properties can improve to values
similar to native tissue when lubricin is localized on
the construct surface.8,28

In contrast to the compressive properties, which
improve with increased sGAG content, and frictional
properties, which improve with increased lubricin
localization, the shear modulus did not significantly
change and remained 4–16 times less than native
cartilage. Similarly, previous in vitro and in vivo
studies using bovine and equine chondrocytes have
reported shear modulus values that remain 10 times
lower than native tissue.9,10,27 These studies attrib-
uted the improved shear modulus values to both the
collagen content and organization of the engineered
tissue. Additionally, the collagen content has been
shown to be linearly correlated with the shear

properties.14 We observed no significant change in the
shear properties of our constructs. Therefore, the total
collagen content is assumed to be similar to the initial
collagen content. The collagen type I matrix was
expected to degrade at the same time as chondrocytes
are depositing type II collagen, thus the change in
collagen content is likely low for this short 7 week
culture time. Unlike compressive and frictional proper-
ties, obtaining shear modulus values similar to native
tissue remains a persistent challenge for the field.

There are several limitations that must be consid-
ered when interpreting these data. The collagen
content of constructs was not measured because the
collagen scaffold contributes a majority of the con-
struct architecture. Any changes in the collagen
content with increased growth of the constructs would
be minimal in comparison to the overall amount of
collagen in the scaffold. Similarly, our constructs did
not undergo mechanical stimulation, which has been
shown to improve collagen fiber size and organization.
This collagen growth and organization leads to im-
proved shear tissue properties.13,48 Finally, we
know these constructs undergo heterogeneous changes
throughout culture due to cell matrix deposition.
These changes occur on the microscale level and our
bulk strain measurements might not be sensitive
enough to detect these changes.

In this study, multiple mechanical properties of
human chondrocyte seeded collagen constructs were
extensively characterized. The mechanical properties
chosen (compressive, friction, and shear) are in accor-
dance with FDA guidance. In addition, temporal
changes in the structure-function relationship of these
constructs were examined. It was observed that the
compressive and frictional properties of these con-
structs improved with increased maturation time,
while the shear properties did not change significantly.
Increased sGAG content was found to correlate with
increased compressive properties, but no correlation
between sGAG and shear properties was found. The
mechanical results from this study give us insight into

Figure 5. Shear testing of constructs reveal no significant
increase in the shear modulus of constructs between 0 and
7 weeks in culture. Construct shear modulus stayed 4–16 times
lower than human cartilage at all culture time points (þp<0.05
vs. human cartilage, N¼ 8 for all construct time points, N¼ 3 for
human cartilage).

Figure 6. Structure function relationship between the mechanical properties and the sGAG content of constructs. (A) A positive
correlation between the sGAG content and the aggregate modulus occurs (R2¼0.67, p¼0.092) (B) A negative correlation between the
sGAG content and the hydraulic permeability occurs (R2¼ 0.64, p¼ 0.10).
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the clinical success of similar tissue engineered prod-
ucts such as NeoCart.16 As such, thorough mechanical
evaluation of tissue engineered cartilage is critical to
understanding the performance of repaired cartilage.
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