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Abstract

Scaffold-free engineered cartilage is being explored as a treatment for osteoarthritis. In this study,
frictional shear stress was applied to determine the friction and damage behavior of scaffold-free
engineered cartilage, and tissue composition was investigated as it relates to damage. Scaffold-free
engineered cartilage frictional shear stress was found to exhibit a time-varying response similar to
that of native cartilage. However, damage occurred which was not seen in native cartilage,
manifesting primarily as tearing through the central plane of the constructs. In engineered
cartilage, cells occupied a significantly larger portion of the tissue in the central region where
damage was most prominent (18 + 3% of tissue was comprised of cells in the central region vs. 5
+ 1% in the peripheral region, p < 0.0001). In native cartilage, cells comprised between 1% and
4% of tissue for all regions. Average bulk cellularity of engineered cartilage was also greater (68 x
103 + 4 x 103 vs. 52 x 103 + 22 x 103 cells/mg), though this difference was not significant. Bulk
tissue comparisons showed significant differences between engineered and native cartilage in
hydroxyproline content (8 + 2 vs. 45 + 3 ug HYP/mg dry weight), solid content (12.5 + 0.4% vs.
17.9 £ 1.2%), shear modulus (0.06 £ 0.02 vs. 0.15 £+ 0.07 MPa), and aggregate modulus (0.12

+ 0.03 vs. 0.32 + 0.14 MPa respectively). These data indicate that enhanced collagen content and
more uniform extracellular matrix distribution are necessary to reduce damage susceptibility.
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1. Introduction

While the median age of patients diagnosed with knee osteoarthritis (OA) in the U.S. is now
55 years of age (Losina et al., 2013), complications associated with revision surgery limit
the availability of the gold-standard therapy, total joint replacement (TJR), within the patient
demographic younger than 65. No other long-term therapy has been widely accepted for
treatment of the younger patient population, leaving a great need for such a viable therapy.
We recently demonstrated the generation of large scaffold-free tissue engineered (TE)
cartilage sheets in chemically defined medium using chondrocytes from skeletally mature
donors (Whitney et al., 2012). We are working toward joint resurfacing using scaffold-free
constructs. Scaffold-free constructs present some benefits over scaffold-based methods, such
as obviating the challenges of uniform seeding, matching scaffold degradation to
extracellular matrix (ECM) production, sterilization, immunogenicity, and breakdown
product and crosslinking agent toxicity (Puppi et a/., 2010). However, the properties of
scaffold-free TE cartilage under multi-axial loading are relatively unexplored.

If TE cartilage is to be used to resurface a joint, it must possess the lubrication and
mechanical properties to withstand the multi-axial loads transmitted across articulating
joints. Aggregate or Young’s modulus are often reported as measures of cartilage
mechanical quality, since they are reported to correlate to cartilage strength (Kerin et al,
1998). However, uniaxial properties such as compressive strength may not be predictive of
cartilage’s ability to function in the multi-axial cyclic loading environment of articulating
joints. Tribological evaluation, used to study friction, lubrication, and wear, simultaneously
subjects a material to static compression and sliding shear stresses, and may be a better
indicator of the functional quality of a tissue than uniaxial mechanical properties. This type
of testing is common for engineering materials and devices, such as bearings, and was
adapted for characterizing the lubrication of native cartilage as early as 1936 (Jones, 1936).
In addition, tribological tests have been used to elucidate the role of lubricin (or PRG4) and
other boundary molecules in cartilage lubrication (Jay et al., 1998; Jay et al., 2007; Gleghorn
et al., 2007; Gleghorn et al., 2009; Zappone et al., 2008; Schmidt et a/., 2007), to
characterize the friction response of scaffold TE cartilage (Morita et a/., 2006), and to
evaluate the damage of native (Jay et a/., 2007; Graindorge and Stachowiak, 2000; Lipshitz
et al., 1975) and scaffold TE cartilage (Gleghorn et a/., 2010) under combined compression
and shear.

During preliminary tribological evaluation of our TE constructs, we observed disturbances
in the frictional shear force that were not seen when testing native cartilage. We also
observed catastrophic damage in the TE constructs, rather than the mild surface wear we
were expecting. The nature and extent of the observed damage prompted us to shift our
focus to characterizing this damage in hope of reducing these constructs’ susceptibility to
damage. Damage was predominantly seen in the central region of the constructs. We
hypothesized that this pattern of damage would be related to the distribution of the cellular
and ECM components. While scaffold-free construct generation obviates the challenges of
uniformly seeding cells associated with scaffold-employing techniques, as with scaffold-
based constructs, mass transport laws suggest that the cell and ECM distribution will not be
uniform at construct maturity (Mahmoudifar and Doran, 2005; Wendt et a/., 2005; Sengers
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et al., 2005; Vunjak-Novakovic et al., 1999). Specifically, increased access to nutrients and
soluble molecules at the construct periphery may promote greater ECM production at the
edges, thereby reducing the cell density in that region as compared to the central regions of
the construct. The objective of this study was to determine the result of frictional shear stress
on damage behavior of scaffold-free TE cartilage. We also characterized tissue composition
and static mechanical properties to gain insight into the causes of construct damage resulting
from frictional shear stress. To our knowledge, this is the first report of frictional shear stress
testing, and cell and ECM distribution, in scaffold-free TE cartilage.

2. Materials and Methods

2.1 Cartilage generation, acquisition, and preparation

Scaffold-free TE cartilage constructs were generated from culture-expanded rabbit
chondrocytes, as previously described (Whitney et a/., 2012). Briefly, culture expanded
articular chondrocytes were seeded at 3 x 108 cells/cm? onto polyester membranes with 10
pum diameter pores (PET1009030; Sterlitech, Kent, WA), and then cultured in chondrogenic
media for 8 weeks. The construct is suspended in culture medium by the porous membrane,
allowing access to culture medium from the upper and lower surface. This results in sheet-
like constructs, approximately 4 cm x 4 cm and approximately 400 um thick, which appear
to be more cellular in the central region as opposed to the upper and lower regions. At
harvest (8 or 12 weeks), constructs were sectioned into 5 mm diameter punches or 8 mm x
16 mm rectangular samples, then frozen at —20 °C. Prior to mechanical and frictional shear
testing, 8 mm x16 mm samples were trimmed to 5 mm x 14 mm and the excess was used for
compositional assays. Healthy bovine cartilage was used as a native cartilage control, since
samples comparable in size to TE test samples could not be obtained from rabbit joints.
Native bovine samples were taken from the shoulders of steers (approximately 1 year old)
collected from abattoirs (Don and Joe’s Meats, Seatte, WA, Boris’ Kosher Meats, Cleveland,
OH) and dissected from the subchondral bone, then frozen at =20 °C until use.

2.2 Frictional shear stress and damage evaluation

Time-varying friction force of scaffold-free TE cartilage and native bovine cartilage was
measured on a custom device. Normal load was applied by dead weight, and friction force
was measured using a single point load cell that is insensitive to off-axis loads
(LCAE-600G; Omega Engineering, Stamford, CT) (Figure 1). Friction force was recorded
by a custom LabView (National Instruments, Austin, TX) program at a sampling rate of 40
Hz. The raw friction force signal was rectified and filtered with a finite impulse response
lowpass filter, to smooth transients resulting from reciprocation of the counterface. Two
device configurations were employed in our experiments: curved and flat. The curved
configuration (Figure 1A) was representative of reciprocating the femoral condyle against
glass (Caligaris and Ateshian, 2008), and also of the configuration used in some theoretical
lubrication models (Ateshian and Wang, 1995; Ateshian, 1997) to represent incongruent
joint surfaces such as the knee. In this configuration, unknown contact area precludes
calculation of contact stress, so normal loads and frictional shear forces were normalized to
the width of the tissue strip (Newtons/millimeter of construct width). The flat configuration
(Figure 1B) is similar to that described in the literature (Gleghorn and Bonassar, 2008), and
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allows direct calculation of the contact area. Results from testing performed in this
configuration are reported as normal and frictional shear stresses, calculated by normalizing
the respective forces to contact area. In the curved configuration, 5 mm x 14 mm samples
were adhered to hemicylindrical platens with radii of 12.5 mm, so only a portion of the
sample length made contact with the counterface. In the flat configuration, 5 mm circular
punches were adhered to flat, self-aligning platens, similar to those reported by Gleghorn
and Bonassar (Gleghorn and Bonassar, 2008). Two counterface oscillation modes were
employed as well, continuous and intermittent. Intermittent mode consisted of oscillation for
10-second intervals followed by compression-only periods, the duration of which increased
logarithmically throughout the length of the test. Testing was stopped after 10,000 seconds,
or after the coefficient of friction (CoF) had reached equilibrium (a change of less than 0.01
between sequential cycles). CoF was calculated as the measured friction force divided by the
normal force. In all experiments, a glass counterface (12-544-1, Fisher Scientific, Pittsburgh,
PA) was oscillated against the test specimen. The path length was 56 mm in each direction to
provide a high ratio of constant velocity vs. accelerating/decelerating travel in each
reciprocation.

To further characterize and investigate possible causes of the damage observed in
preliminary studies, the six following experiments were performed. First, we characterized
the disturbance in the frictional shear force observed in preliminary studies by comparing
the time varying friction response of 3 samples originating from two TE constructs to native
cartilage thinned on a cryostat such that the sections included the superficial zone and
approximately 400 um of underlying cartilage (n=3). Native cartilage was thinned to make it
more comparable in thickness to TE samples. This test was performed under the same
conditions as those used in preliminary studies: PBS lubricant using the curved
configuration at a velocity of 25.4 mm/s in intermittent oscillation, with normal loads of
0.44 N/mm of construct width for TE constructs and 0.75 N/mm of construct width for
native cartilage.

Second, we wished to increase the power of the previous test in assessing whether the
difference in damage behavior between native and TE cartilage observed in preliminary
studies was due to the greater thickness of the native cartilage (approximately 3x that of
TE). We also asked whether native cartilage from deeper zones, i.e. with the potentially
protective superficial zone removed, would exhibit damage in this test setup. In this
experiment, test parameters were the same as in the previous experiment, except that the
sliding speed was changed to 1 mm/s to assess whether damage was speed-dependent, and
continuous oscillation was used. Continuous oscillation was selected for agreement with
subsequent experiments, and rationale is given in description of those experiments. For this
experiment, 4 additional native cartilage samples were thinned on a vibratome to include the
superficial zone, and another 6 samples were taken starting approximately 200 um below the
superficial zone. Three TE samples were taken from 2 additional constructs. Since damage
behavior of TE and native cartilage with the superficial zone intact appeared to be the same
between this and the previous experiment, those samples were pooled together for damage
analysis (n=6 for TE and native cartilage without the articulating surface, and n=7 for native
cartilage with the articulating surface).
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Third, we wished to determine if differential protease activity between TE cartilage and
native cartilage played a role in the damage observed. In this experiment, samples were
tested in the flat configuration. A normal load of 0.55 MPa was chosen based on
observations from preliminary studies in this configuration in which we observed that TE
cartilage exhibited damage at this load. The flat configuration and continuous oscillation
were selected to allow friction data from these samples to be used in the next experiment.
Test duration was shortened to 4000 seconds since damage appeared to occur early in the
first two experiments. The other test parameters, including sliding speed, remained the same
as in the previous experiment. Samples from one TE construct were tested in either PBS or
in a PBS-based protease inhibitor solution containing 2mM ethylenediaminetetraacetic acid
(EDTA), 5 mM benzamidine, 10 mM N-ethymaleimide, and 1 mM phenylmethylsulfonyl
fluoride (n=4 in PBS, n=6 in protease inhibitor solution). The maximum frictional shear
stress (MFSS) achieved before damage was compared between the PBS and protease
inhibitor groups. For native cartilage, 4 samples were tested in each lubricant.

Fourth, to determine if TE constructs failed as a result of exposure to elevated frictional
shear stress as would result from poor lubrication, we compared the MFSS achieved by TE
cartilage and native cartilage in this test setup (MFSS prior to failure for TE cartilage, and
MFSS at equilibrium friction for native cartilage). TE samples from the protease inhibition
experiment were pooled together since MFSS was not significantly different between the
two lubricant groups, and compared to eight native samples (n=10 for TE, n=8 for native).
To gain insight as to whether damage was a result of fatigue or insufficient strength, we also
assessed whether damage occurred during the rising portion of the friction curve (suggestive
of insufficient strength), or after reaching equilibrium (suggestive of fatigue damage). The
number of cycles of shear before TE cartilage damage occurred was also compared to the
number of cycles of shear to which native cartilage was subjected. Use of the flat
configuration in this experiment allowed direct calculation of normal and frictional shear
stresses, and continuous oscillation allowed greater resolution of the time-dependent
frictional shear stress as compared to intermittent mode.

Fifth, to determine if the observed pattern of damage was a result of freeze/thaw cycling, the
extent of surface peeling of fresh vs. frozen samples was compared. Punches were taken
from one additional construct and tested in the flat configuration under 0.55 MPa normal
stress, at a sliding speed of 1 mm/s for 4000 seconds. Samples frozen and thawed 3 times
(n=7) and fresh samples (n=8) were tested. Surface peeling was quantified on
stereomicroscope images in NIH ImageJ (Figure 2).

Sixth, to determine if surface peeling of TE cartilage was caused by the adhesive used to
bond cartilage to the platens, in one experiment we used the rough surface of a porous
tantalum platen to hold the cartilage in place without the use of an adhesive. Full thickness
native and TE cartilage from 3 constructs were tested, n=6 for both. Test parameters were
the same as in the previous experiment. Experimental conditions of each of these six
experiments are summarized in Table 1.
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2.3 Mechanical testing

Prior to frictional shear stress and damage evaluation in the curved configuration, a standard
indentation test was performed on some samples. Samples were thawed, equilibrated in the
lubricating fluid for that sample, either PBS or protease inhibitor solution, and the thickness
was measured using a custom device that detects contact of a micrometer tip with cartilage
by monitoring changes in resistance to the flow of a small electrical current. Samples were
then adhered by cyanoacrylate to the platen which would be used for frictional shear stress
and damage evaluation. A 1.07 millimeter diameter cylindrical porous indenter tip was used.
Displacement was measured using a linear variable differential transducer. First, a tare load
of 250 mg was applied and displacement was allowed to reach equilibrium; a test load of 1 g
was then applied and displacement equilibrated. These loads were chosen to limit sample
strain to approximately 20%. Aggregate modulus, and shear modulus were determined as
parameters of a biphasic model fit to indentation displacement data as described by Mow
and colleagues (Mak et al., 1987; Mow et al,, 1989). TE cartilage and native cartilage
samples that included the articulating surface were tested. Results from samples taken from
the within the same TE construct were averaged, resulting in an n=4 for TE and an n=6 for
native cartilage.

2.4 Compositional characterization

Prior to mechanical testing, specimens were trimmed to 5 mm x 14 mm and the excess was
collected for biochemical analysis, wet weights obtained, lyophilized, and dry weights
measured. The bulk solid content was calculated as a ratio of the solid (dry) to total (wet)
weight. Samples were then digested with papain (P4762, Sigma-Aldrich, St. Louis, MO) and
the glycosaminoglycan (GAG), DNA, and total collagen, as measured by hydroxyproline
(HYP) content were determined for each sample, as previously described (Whitney et al.,
2012). GAG and HYP values were normalized to DNA, and to wet and dry weights. Bulk
cellularity (cells/mg wet weight) was calculated from the DNA content and wet weight
assuming 7.7 x 10712 grams DNA/chondrocyte (Kim et a/., 1988). The rationale for using
the thinned rather than full thickness native cartilage for biochemical testing was to have
matched mechanical and biochemical data for these samples.

2.5 Histology

After frictional shear stress and damage testing, samples were removed from platens and
fixed in 10% formalin, then dehydrated in sequential ethanol baths. They were then
embedded in paraffin and sectioned to 5 pm, then stained with safranin O to visualize GAG
and counterstained with Fast Green to visualize cell nuclei.

2.6 Histomorphometry for determination of depth-dependent cell and ECM density

Four articular-derived TE constructs were generated and 10 histological micrographs were
produced and processed for histomorphometry (Figure 3A). Three full-thickness native
cartilage samples were used for comparison. Images were manually segmented in Photoshop
(Adobe, San Jose, CA) to indicate the tissue boundary and cells (Figure 3B). Due to the
large lacunae that chondrocytes may occupy, it is possible that cells may not appear in the
lacunae in histological sections (Hunziker et a/., 1992). Void spaces which were
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morphologically consistent with lacunae were counted as cells in this analysis. A custom
Matlab (Mathworks, Natick, MA) program was used to divide each segmented image into
five equal thickness regions throughout the depth of the histological slice (Figure 2C) and
calculate the number of cells and area occupied by them within each region. Cell density
was defined as cells/mm?, and a statistic termed “cell area fraction” was defined as the
fraction of the area of each region occupied by cells. ECM density was defined as the inverse
of cell area fraction and was calculated as [1-cell area fraction x 100].

2.7 Scanning Electron Microscopy (SEM)

Samples were stored at 4 °C in a 0.7% Ruthenium Hexammine Trichloride (RHT) in 1%
glutaraldehyde solution in PBS until ready for use. At the time of imaging, samples were
fixed in a 1:1 solution of 2% Osmium and 0.7% RHT in PBS for 30 minutes, then
dehydrated in graded EtOH baths. They were then dried in a critical point drying device,
sputter coated with palladium (Pd), and imaged with a FEI Quanta 3D scanning electron
microscope.

2.8 Statistical analysis

3. Results

Two-sample t-tests with significance set at p < 0.05 were used to compare frictional shear
stress, mechanical, biochemical, and mass assay results between native and TE cartilage, and
to compare surface peeling in the freeze/thaw cycling experiment. The distribution of
samples exhibiting greater than 25% surface peeling in the freeze/thaw cycling experiment
was also tested for significance at p < 0.05 by Fisher’s exact test. Linear mixed models, fit
using SAS Proc Mixed (version 9.2, SAS, Cary, NC), were used to compare
histomorphometry data of native vs. TE cartilage, where random effects were included to
account for correlation of multiple samples from the TE cartilage constructs, and of the five
regions measured on the same sample. The square root of the variable “cell density” was
analyzed in the mixed model to better meet normality assumptions, though summary
statistics for this variable are presented on the original scale. Pairwise comparisons of
selected means by tissue source (TE vs. native) and region were tested based on model-
based estimates, resulting in 5 pairwise comparisons for depth-matched regions between
tissue types, and 10 pairwise comparisons by region within each tissue type. To account for
multiple testing, significance was set as p < 0.01. All summary statistics are presented as
means with standard deviations.

3.1 Frictional shear stress and damage evaluation

In the initial experiment, assessing friction and damage under intermittent oscillation,
friction behavior of scaffold-free TE constructs was similar to that of native cartilage during
early time points in this test setup; friction forces were initially low then climbed as the test
progressed (Figure 4A). Even when the normal load was different between the two, the CoF
in this test setup was remarkably similar for each of them at these early time points (Figure
4B). Divergence from native behavior occurred at later time points, as the friction force was
seen to drop (Figure 4A). These samples exhibited cracking in the central region (Figure
4C). Some mild damage was seen on native cartilage, which was qualitatively distinct in
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localization, type, and severity (Figure 4D). In the second experiment, in which continuous
oscillation was used, TE cartilage exhibited cracking in all 3 samples tested (Figure 5A&B).
The minimum damage observed is shown in Figure 5A, while the other 2 appeared more
similar to that shown in Figure 5B. Histological cross sections revealed surface peeling on 1
of 4 native cartilage samples that contained the surface zone (Figure 5D). Some samples
showed narrowing in the presumable loaded region (Figure 5C), due either to wear or
permanent deformation. No cracking was observed. In contrast, native cartilage samples
without the superficial zone showed surface peeling in 3 of 6 samples. No damage was
observed in 2 of 6 samples (Figure 5E). The remaining sample showed damage somewhat
similar to the cracking in the least damaged TE cartilage sample (Figure 5SF&A
respectively). Since there were no apparent differences in damage with respect to cracking
between the first and second studies, samples were pooled together, resulting in 6 of 6 TE
cartilage, 0 of 7 native cartilage with the surface zone, and 1 of 6 native cartilage without the
surface zone, exhibiting cracking.

In the third study we determined whether protease activity affected the differential damage
observed between native and TE cartilage. TE cartilage achieved an MFSS before damage of
0.152 £ 0.039 MPa in PBS, and 0.157 + 0.039 MPa in protease inhibitor solution. These
differences were not statistically significant (n=4 and n=6 respectively). Since native
cartilage was undamaged, MFSS corresponded to the peak undulation at equilibrium friction
and was, 0.175 + 0.042 MPa in PBS, and 0.155 + 0.034 MPa in protease inhibitor solution,
which was not statistically significant (n=4 for both lubricants).

Since no statistically significant MFSS differences were seen between lubricant types,
samples were pooled for the fourth study comparing the MFSS between native and TE
cartilage to determine if damage was the result of exposure to elevated frictional shear stress
(n=8 and n=10 respectively). This analysis showed that 10 of 10 TE samples exhibited
visually evident surface peeling during the test procedure, while none of the 8 native
samples did. Native cartilage MFSS was 0.165 + 0.037 MPa, while TE cartilage reached an
average MFSS of 0.155 + 0.037 MPa before delaminating. The difference in MFSS for
native and TE cartilage was not statistically significant, however TE cartilage delaminated
after 11 + 8 cycles of shear, while native cartilage did not delaminate even after 180 cycles.
Nine of 10 TE samples delaminated during the rising portion of the friction response, before
reaching equilibrium friction.

The effect of freeze/thaw cycling was determined in the fifth study. No statistically
significant differences were observed. By number of samples demonstrating surface peeling,
7 of 8 fresh samples and 6 of 7 freeze/thaw cycled samples exhibited greater than 25%
surface peeling. By surface area, fresh sample surface peeling was 77 £ 39% and freeze/
thaw cycled samples was 66 + 43%.

The dependence of surface peeling on the presence of the adhesive used to adhere cartilage
to the platens was determined in the sixth and final frictional shear stress study. In the
absence of adhesive, surface peeling of TE constructs was 100 + 0% in TE samples and 0
+ 0% for native cartilage (Supplemental Figure S1).
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3.2 Compositional characterization

Biochemical and mass assays indicated that TE tissue was deficient in ECM. Solid content,
expressed as a percentage of solid to total weight, was significantly lower in TE as compared
to native cartilage (Figure 6D). The apparent reduction of ECM in TE tissue compared to
native tissue was further evaluated in terms of the specific cartilage ECM components, GAG
and collagen. Average GAG mass normalized to DNA in TE cartilage was less than half that
of native tissue. However, one apparent DNA outlier in the native group limited the
statistical significance between the TE test group and the native cartilage group (Figure 6A).
GAG content was significantly lower when assessed on a wet weight basis (Figure 6A).
HYP (a measure for total collagen) was significantly lower in TE vs. native cartilage on both
DNA and mass bases (Figure 6B). Bulk cellularity was estimated from DNA content and
found to be higher in TE cartilage compared to native cartilage, although with the apparent
DNA outlier in the native group, the difference was not statistically significant (Figure 6C).

3.3 Mechanical testing

Results from indentation testing showed TE cartilage to be less stiff than native cartilage.
Shear and aggregate moduli for TE cartilage were significantly lower than in native cartilage
(by approximately 60%) (Figure 6E).

3.4 Histomorphometry for determination of depth-dependent cell and ECM density

Depth-dependent quantification of cell and ECM density by histomorphometry showed
significant differences between TE and native cartilage cell and ECM distributions.
Furthermore, the TE cartilage region where failure was most prominent was also the most
cellular (Figure 7A-C). Native cartilage cell density was highest at the articulating surface
and decreased towards the deeper tissue regions (Figure 7A), while interestingly, cell size
showed the opposite trend, although cell size differences within native cartilage were not
significant (Figure 7B); as a result, the cell area fraction of native tissue was nearly constant
throughout the depth (Figure 7C). TE cartilage cell size followed the same pattern as cell
density; both were greatest in the central region (Figure 7A&B), such that this area appeared
to contain hypertrophic chondrocytes. Cell size decreased towards the periphery, resulting in
two zones that resemble the superficial zone of native cartilage. The combined effect of cell
number and cell size resulted in a cell area fraction that was similar to that of native cartilage
near the outer surfaces, while in the central regions where cracking was most prominent, cell
area fraction was 3 to 4 times higher than in the surface regions, and 9 times higher when
comparing the central regions of TE and native cartilage (Figure 7C). Due to the increased
cell area fraction, TE cartilage looked more porous and less solid than native cartilage when
imaged by SEM (Figure 8).

4. Discussion

Our long-term goal is to repair damaged articular surfaces with living constructs. As part of
this goal, we are developing scaffold-free cartilage constructs derived from tissue culture-
expanded chondrocytes from skeletally-mature donors. Various groups have reported
generation and characterization of scaffold-free TE cartilage (Marlovits ef a/., 2003; Uenaka
et al.,, 2010; Stoddart et al., 2006; Furukawa et a/., 2008; Hoben and Athanasiou, 2008;
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Brehm et al., 2006; Grogan et al., 2003; Kitahara et al., 2008; Nagai ef al., 2008; Brenner et
al., 2013; Khan et al., 2009), however behavior of these constructs under multi-axial,
repetitive loading is unknown. In this study, we characterized the behavior of scaffold-free
TE cartilage constructs generated by a previously reported method (Whitney et al., 2012)
under frictional shear stress. The approach follows that used to characterize friction,
lubrication, damage, and wear, of native (Forster and Fisher, 1996; Forster and Fisher, 1999;
Graindorge and Stachowiak, 2000; Basalo et al., 2007; Carter et al.,, 2007; Schmidt et a/,
2007; Caligaris et al., 2009; Gleghorn et al., 2010; Lizhang et al., 2011), and scaffold TE
cartilage (Chen et al., 2004; Morita et al., 2006; Gleghorn et al., 2007) under combined
compression and shear. We also investigated potential explanations for the damage behavior
observed during testing.

During frictional shear evaluation, we observed that scaffold-free TE cartilage exhibited a
time-varying friction response similar to that of native bovine cartilage, where friction force
started at low native-like levels, then increased over time and appeared to approach
equilibrium. While published values of friction properties vary widely due to the effects of
sliding speed (Gleghorn and Bonassar, 2008), normal load (Gleghorn and Bonassar, 2008;
Katta et al., 2009), lubricant and lubrication mode (Gleghorn and Bonassar, 2008), contact
area (Carter et al., 2007), and counterface (Patel and Spector, 1997), the mean equilibrium
CoF (average friction force of last shear cycle divided by normal force) measured here for
native cartilage (0.387 + 0.087), is within the range of values reported by others (Ikeuchi et
al., 1994; Forster and Fisher, 1996). The behavior of TE cartilage deviated from that of
native cartilage in our test setup, in that TE cartilage exhibited internal cracking and surface
peeling, while the interior of native cartilage was undamaged in all but one sample (a crack
near the surface), although some wear was seen on the surface. We wished to identify the
cause of this damage, as a step towards reducing the susceptibility of these constructs to
damage.

Various compositional, structural, and specimen processing variables could have influenced
the mechanical properties of these constructs, thus governing or affecting the observed
damage. These variables include, but are not limited to: construct thickness, protease
activity, poor lubrication resulting in exposure to excessive frictional shear stresses, pre-
existing damage due to freeze/thaw cycling, construct-adhesive interactions, and construct
weakness in the central region due to limited ECM or poor ECM quality. In this
investigation, we assessed tissue thickness, protease activity, elevated frictional shear stress,
freeze/thaw cycling, presence of adhesive, depth-dependent ECM quantity, and bulk ECM
quality. In the experiments and assays utilized here, we did not detect any significant role of
protease activity, freeze/thaw cycling, or presence of adhesive. While we did not investigate
lubrication modes, damage of TE cartilage occurred at an average frictional shear stress
below that to which native cartilage was exposed without incurring damage (0.155 + 0.037
MPa vs. 0.165+/-0.037 MPa respectively) although the difference was not statistically
significant. This indicates that poor lubrication (increased exposure to frictional shear stress
as compared to native cartilage) is not the cause of the observed damage, and thus the lack
of lubricin, nor the lack of other protective lubrication mechanisms, are not the cause of the
observed damage behavior. The lack of significance between the MFSS of TE cartilage and
native cartilage is surprising given that TE cartilage showed surface peeling. The variability
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in MFSS measurements is no doubt a factor limiting significance. Yet, this does not change
the conclusion that TE cartilage was not failing due to exposure to elevated frictional shear
stress. Tissue thickness, however, may influence damage susceptibility, since some thinned
native cartilage did exhibit damage. However, even in thinned native cartilage showing
damage, only one specimen showed damage similar to that of TE cartilage (Figure 5A&F).
Also, specimens from two different depths within native cartilage that are known to have
variable composition were tested. Since a higher proportion of samples that do not include
the superficial zone exhibited various types of damage, as compared to those including the
superficial zone, it is suggested that composition or structure dominate thickness as the
variable of interest. In agreement with that suggestion, is the disparate composition between
native and TE cartilage. TE cartilage, which consistently exhibited cracking and surface
peeling, contained only 70% as much solid content (ECM) as compared to thinned native
cartilage that included the superficial zone (12.5 + 0.4% vs. 17.9 + 1.2% respectively). On a
wet weight basis, the TE cartilage ECM only contained 63% as much GAG, and 13% as
much HYP, as did the native cartilage ECM.

GAG and collagen were quantified in this study because they are known to be largely
responsible for the mechanical properties of cartilage; collagen supports tensile loads
(Schmidt et al., 1990), while GAG indirectly supports compressive loads through recruiting
interstitial fluid (Kempson et al., 1970; Krishnan et al., 2004). Not surprisingly, GAG
comprises 21% of dry weight of human femoral condyle cartilage (Anderson et al., 1964),
and collagen comprises 67% of the dry weight of human medial femoral condyle cartilage
(Lipshitz et al., 1975). Given the lack of ECM, especially collagen and GAG, it is not
surprising that stiffness, measured as both shear and aggregate modulus were also low;
roughly one-third that of thinned native cartilage. While low compared to native, the
aggregate modulus of these scaffold-free TE constructs was similar to that previously
reported by our colleagues (Gilpin ef a/., 2010) and stiffer than some scaffold-based
constructs described by others (Chung et al., 2008).

In light of the low solid, GAG, and collagen, content of the ECM, and the resulting low
mechanical properties, it is not surprising that TE constructs failed at loads where native
cartilage did not (study 3 and study 5, Supplemental Figure S1). The pattern of damage,
cracking in the central region, which sometimes resulted in construct splitting by surface
peeling, suggested the greatest deficit in ECM was found in the central region. Depth-
dependent histomorphometry confirmed that the central region was more cellular than the
outer regions, resulting in only 86 + 3% of the ECM compared to the surface which was
articulated against the glass counterface.

The lack of ECM in this region is reflected by the increased amount of tissue occupied by
cells. One of the benefits of the scaffold-free approach to cartilage engineering is the
uniform distribution of cells at construct initiation, since uniform cell seeding in scaffolds
can be difficult to achieve (Thevenot et al.,, 2008). However, it was not previously known if
scaffold-free construct cell distribution remained uniform throughout maturity. We found
that the two-sided-diffusion construct generation method employed here, resulted in
heterogeneous cell distribution after culture (approximately 250% more cells in the central
then the peripheral regions, Figure 7A). Furthermore, cells were also largest in the central
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region (Figure 7B). The combined effect of increased cell number and increased cell size
compounded to result in a cell area fraction in the central region of more than three times
that of the peripheral regions (Figure 7C), resulting in the approximately 14% decrease in
ECM quantity by area.

The cell distribution was distinctly different in native tissue, which showed slightly
decreasing cell density (Figure 7A), and that cell size tended to increase (Figure 7B)
throughout the depth of the tissue. These findings in native tissue are in agreement with
published literature (Jadin et a/., 2005). Interestingly, these inverse trends combined to result
in a nearly uniform cell area fraction through the depth of the tissue (Figure 7C). Also of
interest, the cell area fraction at the periphery of the TE constructs was similar to the cell
area fraction at the articulating surface of native cartilage (Figure 5C).

This distribution of cellular and ECM components is likely influenced by mass transport,
which has been implicated in cell and ECM distribution in many tissue engineering
paradigms (Wendt ef a/., 2005). Presumably, cells in the periphery of the construct have the
greatest access to nutrients and other differentiation factors in the culture medium, while the
central region has limited access due to depletion by the outer regions and the slow rates of
diffusion. The similar cell area fraction of TE cartilage at the periphery to the native
cartilage superficial zone (Figure 7C), suggests that increased access to culture medium may
produce a construct similar to native cartilage in this regard. While it is not known how the
proportion of GAG and collagen change throughout the depth of the construct, increasing
the overall proportion of ECM is likely to increase gross GAG and collagen content, and
improve mechanical properties. Improved delivery of nutrients and differentiation factors
may be possible through convective transport such as perfusion (Wendt et a/., 2005; Pazzano
et al., 2000; Berson et al., 2002; Davisson et al., 2002).

Limitations of this study include the use of native cartilage control from a different species
and anatomical location as compared to chondrocytes used to generate TE constructs,
mechanical and biochemical characterization of partial-thickness native cartilage, use of
unknown lubrication regimes for frictional shear stress testing, differences between our test
setup and native articulating joint function, and lack of depth-dependent ECM content
characterization. The rationale for using bovine cartilage is given in the methods section. In
a similar study on native bovine knee cartilage, Lizhang et a/. found that native bovine knee
cartilage exhibited damage only at compressive stresses and testing durations in large
excesses of those we employed here (Lizhang ef a/., 2011). Their results suggest that native
bovine knee cartilage would have shown the same results, with respect to damage, as hip
cartilage, in this study. While using partial-thickness native cartilage presents some
limitations in comparing TE to native cartilage, in this study it allows sample-matched
comparison of mechanical and biochemical properties. Since biochemical and mechanical
comparisons were made against native samples containing superficial and medial zone
regions, and GAG concentration in full-thickness native cartilage has been reported to
increase as a function of depth (Franzén et al., 1981), the disparity in GAG content between
TE constructs and native cartilage may be greater if compared to full thickness native
cartilage; collagen distribution has been reported to be uniform in full thickness cartilage
(Lipshitz et al., 1975). However, the biochemical property results presented here are
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comparable to data we previously reported on comparisons to full thickness native rabbit
cartilage, showing collagen to be more deficient than GAG in constructs generated using
these methods (Whitney et al., 2012). The disparity of aggregate modulus compared to full
thickness cartilage would also likely increase, since compressive stiffness is known to be
depth-dependent (Schinagl et a/., 1996). Lubrication regime characterization was precluded
in these studies by construct damage, since such characterization involves equilibrium CoF
measurements across a wide range of normal loads (Gleghorn and Bonassar, 2008).
Construct damage usually occurred prior to reaching equilibrium CoF, and damage changed
the time varying friction pattern (Figure 4B). Limitations on determining whether the
constructs are suitable for /n vivo testing are introduced by the test setup, which does not
replicate /n vivo conditions. It has been shown that the CoF (and thus frictional shear stress)
can be maintained near initial friction values under physiological conditions, including when
the cartilage contact area migrates as described by Caligaris and Ateshian (Caligaris and
Ateshian, 2008). However, comparison to native cartilage under the same conditions showed
a clear difference in the ability of these constructs to bear frictional shear stresses. The
limitation of not measuring depth-dependent ECM composition is that conclusive
determination of whether the cause of damage in the central region was lack of ECM
quantity or quality can not be made. However, lower percentage of ECM in the central
region indicates that even if the quality were the same as the outer regions, this region would
remain the weakest portion.

In conclusion, bulk compositional, mechanical, and frictional shear stress characterization of
these scaffold-free constructs all point towards construct weakness rather than elevated
frictional shear stress as the cause of damage. Furthermore, despite uniform cell seeding
methods, depth-dependent cell and ECM distribution were not uniform after tissue culture.
While the damage location was not quantified, and thus correlation of damage location to
cellular and ECM distributions can not be formally measured, the final ECM and cellular
distributions are consistent with the predominant damage observed. That this damage
occurred under relatively low normal and frictional shear stresses indicates improvements
are needed before these constructs are applied to joint surfaces. Improvements in cell and
ECM distribution, and ECM content, may be possible by enhancing the mass transfer of
culture medium and cellular waste products.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A) Load application and measurement schematic with hemicylindrical mount. B) The flat
mount utilizing a self-aligning platen. The hemicylindrical and flat mounts were

interchangeable in the device.
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Figure 2. Quantification of surface peeling (SP) in flat configuration
Representative stereomicroscope (A&B) and safranin O stained histological cross section

(C&D) images of TE cartilage taken before (A&C), and after (B&D) exposure to frictional
shear stress. Area exhibiting SP appeared mottled in stereomicroscope images (B). Damage
was determined as the ratio of the area of SP (B, outlined in gray) to the total surface area
(B, outlined in black). SP was also evident in histological cross sections (D, starting at the
arrow and continuing the length of the section to the right). Internal cracking (arrowhead) is
also seen in D. Scale bars in B and D also apply to A and C respectively.
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airticulating surface

Figure 3. Histomorphometry methods
Safranin O stained histological cross sections (A) were manually segmented in Photoshop to

create a mask indicating the location of the tissue boundary (black border around tissue) and
the lacunae (black circles) within the tissue (B). Masks were then analyzed with a custom
Matlab program to divide the tissue into five equal regions (C) and calculate the number of
cells and the area occupied by cells within each region.
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Figure 4. Friction measurementsin curved test setup

Friction force (A) and coefficient of friction (B) data for TE and native cartilage. C)
Representative safranin O stained histological cross section of TE cartilage. Internal

cracking (starting at the arrow and continuing left) is evident. Adhesive can be seen as the
unstained region on the upper surface of the tissue (arrowhead). India ink was used to mark
the adhered side of the tissue, and can be seen as black fragments near the upper surface. D)
Representative toluene blue stained histological cross section of native cartilage. Minimal
damage to the upper (adhered) surface of the specimen is shown (arrow).
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Figure 5. Damage char acterization of TE and thinned native cartilage in the curved setup
Safranin O stained histological cross sections of TE cartilage (A&B), native cartilage

including the superficial zone (C&D), and native cartilage without the superficial zone
(E&F), after exposure to frictional shear stress. The range of damage in each sample group
is shown. A) Minimal cracking (arrow) observed in TE cartilage. B) Extensive cracking
observed in TE cartilage. C) Narrowing of native cartilage including the superficial zone in
the presumed loaded region (arrow), as opposed to the presumed unloaded region
(arrowhead). D) Wear of native cartilage including the superficial zone. E) No apparent
damage to native cartilage without the superficial zone. F) Minimal cracking (white space
within the tissue) observed in native cartilage without the superficial zone. The dark lines
running vertically through this sample section are sectioning artifacts (folds). All images are
presented at the same scale.
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Figure 6. Composition and biomechanical properties
Comparison of ECM composition by GAG (A) and HYP (B) content, cellularity (C), solid

content (D), and the stiffness (E) of engineered constructs to native cartilage. Note the

shear aggregate

modulus

change in scale in graphs of A and B; *p < 0.05, **p < 0.01, ***p < 0.0001.
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Figure 7. Depth-dependent cellularity
Patterns of cellularity varied between native cartilage and TE cartilage, and correspond to

observed patterns of damage. Statistical significance was assessed within cartilage type by
comparing each region to the 0-20% region (* and + for TE and native respectively), and by
comparing each region between cartilage types (#). In each case, one symbol indicates p <
0.01, two indicates p < 0.001, and three indicates p < 0.0001.
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Figure 8. SEM of engineered and native cartilage
Cross sections of engineered (A) and native (B) cartilage imaged by SEM. The cross

sectional face of the engineered cartilage is shown between the black and white arrows. Both
images are presented at the same scale. At this magnification native cartilage appeared to be
a solid material with distinct lacunae, while engineered cartilage appeared less dense, with
many more lacunae.
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Table 1

Frictional shear and damage experimental conditions

Oscillation
Experiment  Configuration (mm/s) Mode Tissue Type Lubricant Normal Load n
TE PBS 0.44 N/mm 3

1 curved 25.4 intermittent f
. thinned,
native WSZ PBS 0.75 N/mm 3
TE PBS 0.44 N/mm 3
. . thinned,

2 curved 1 continuous native WSZ PBS 0.75 N/mm 4
native thinned, SZR PBS 0.75 N/mm 6
TE PBS 0.55 MPa 4
TE PI 0.55 MPa 6

3 flat 1 continuous
native full thickness PBS 0.55 MPa 6
native full thickness Pl 0.55 MPa 6
TE PBS, PI 0.55 MPa 10

4 flat 1 continuous
native full thickness PBS, PI 0.55 MPa 8
TE PBS 0.55 MPa 7

5 flat 1 continuous
TE fresh  full thickness PBS 0.55 MPa 8
6 flat L . TE PBS 0.55 MPa 6

- continuous
no adhesive native  full thickness PBS 0.55 MPa 6

Page 25

TE = tissue engineered with freeze/thaw, WSZ = with superficial zone, SZR = superficial zone removed, PBS=phosphate buffered saline, Pl =

protease inhibitor
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