UC Irvine
UC Irvine Previously Published Works

Title
Topographical Characterization of the Young, Healthy Human Femoral Medial Condyle.

Permalink
https://escholarship.org/uc/item/0{33c051

Journal
Cartilage, 14(3)

Authors

Salinas, Evelia
Otarola, Gaston
Kwon, Heenam

Publication Date
2023-09-01

DOI
10.1177/19476035221141421

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/0j33c05f
https://escholarship.org/uc/item/0j33c05f#author
https://escholarship.org
http://www.cdlib.org/

Articular Cartilage Tissue Evaluations

CARTILAGE
2023, Vol. 14(3) 338-350

Topographical Characterization of the © The Author(s) 2022

DOI: 10.1177/19476035221 141421

Young, Healthy Human Femoral Medial fournalssagepub.comhome/CAR
®SAGE
Condyle

Evelia Y. Salinas'’, Gaston A. Otarola'*”’, Heenam Kwon/,
Dean Wang?3, Jerry C. Hu', and Kyriacos A. Athanasiou'

Abstract

Objective. The medial femoral condyle of the knee exhibits some of the highest incidences of chondral degeneration.
However, a dearth of healthy human tissues has rendered it difficult to ascertain whether cartilage in this compartment
possesses properties that predispose it to injuries. Assessment of young, healthy tissue would be most representative
of the tissue’s intrinsic properties. Design. This work examined the topographical differences in tribological, tensile, and
compressive properties of young (n = 5, 26.2 = 5.6 years old), healthy, human medial femoral condyles, obtained from
viable allograft specimens. Corresponding to clinical incidences of pathology, it was hypothesized that the lowest mechanical
properties would be found in the posterior region of the medial condyle, and that tissue composition would correspond to
the established structure-function relationships of cartilage. Results. Young’s modulus, ultimate tensile strength, aggregate
modulus, and shear modulus in the posterior region were |.0-, 2.8-, 1.1-, and |.0-fold less than the values in the anterior
region, respectively. Surprisingly, although glycosaminoglycan content is thought to correlate with compressive properties,
in this study, the aggregate and shear moduli correlated more robustly to the amount of pyridinoline crosslinks per
collagen. Also, the coefficient of friction was anisotropic and ranged 0.22-0.26 throughout the condyle. Conclusion. This
work showed that the posteromedial condyle displays lower tensile and compressive properties, which correlate to
collagen crosslinks and may play a role in this region’s predisposition to injuries. Furthermore, new structure-function
relationships may need to be developed to account for the role of collagen crosslinks in compressive properties.
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Introduction due to the paucity of young, healthy specimens for charac-

. . . . terization studies.
Articular cartilage degeneration usually occurs at specific

regions of the distal femur.! The patellofemoral groove and
the lateral and medial condyles are exposed to different
strains that contribute to characteristic lesion patterns.z'G 'Department of Biomedical Engineering, University of California Irvine,
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femoral groove.” Chondral defects, moreover, show topo- ~ *Co-first authors
graphical patterns; an examination of 127 distal femora not
only confirmed higher incidence of lesions in the medial
condyle compartment, but specifically identified a majority
to localize in the posteromedial region.® The higher inci- i X ) ‘ o
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The mechanical properties of articular cartilage differ
throughout the knee. For example, the adult equine postero-
medial condyles showed significantly lower aggregate and
shear modulus values than the anterior region.’ Tensile
Young’s modulus and ultimate tensile strength (UTS) values
were also found to be lower in the posteromedial condyle
when compared with the anterior region in the sheep.'? Finally,
in 1- to 3-month-old calves, some of the highest coefficients
of friction were observed in the posterior part of the medial
condyle, whereas the anteromedial condyle showed the low-
est values.!! Thus, one would expect to find that the human
posteromedial condyle, a site of frequent degeneration, may
also exhibit inferior compressive and tensile properties.

In contrast to the animal data presented above, only scant
data exist on the human femoral condyle, especially of young,
healthy tissue. A study that compared the femoral condyle car-
tilage across multiple species determined that, in the human
knee, the aggregate modulus of the posterior region of the
medial condyle was 16% lower than the modulus of the ante-
rior region of the lateral condyle.'> However, no comparisons
within the femoral condyles were included.'? Likewise, stud-
ies have compared the tensile properties of medial and lateral
condyles, associating them to biochemical changes that fol-
low aging and chondral degeneration, but have not included
comparisons within the condyles.'>'* Finally, human tribo-
logical data appear to be less available, with one study com-
paring the coefficient of friction of tissue-engineered
constructs to a human native tissue value of ~0.25.13 Additional
studies on human cartilage condyle can be found, mostly cov-
ering the compressive properties on the condylar compart-
ment.'®!7 Still, the topographical determination of mechanical
properties and their correlation to biochemical properties for
the human medial condyle would represent information that
has been long absent from the field despite the posterior
medial condyle’s predisposition for pathologies.

The lack of studies on human samples may be due to the
scarcity of healthy, undamaged, young joint samples. This
is relevant, because age affects the properties of cartilage,
even if considered healthy. For example, in a study that
examined the tensile properties of healthy and diseased
human cartilage, the authors noted that even their control
(i.e., non-degenerative) samples, with a mean age of 68 * 2
years, showed age-related damages such as surface rough-
ness and fibrillation.'> Most human tissues found in other
characterization studies were derived from donors ranging
40- to 75-years-old, on which signs of wear and susceptibil-
ity to osteoarthritis are expected.'>'®!° Clinically “silent”
injuries, in which the cartilage morphology appears undis-
turbed but exhibits diminished functional properties, also
increase with age.?’ Thus, an updated characterization of
the mechanical properties of a young adult cohort with
healthy human femoral cartilage tissue is needed.

In lieu of the limited characterization of the human
condyle thus far, and the significance of the material

properties of the medial condyle, the goal of this study
was to provide a topographical characterization of healthy
articular cartilage of the human medial condyle. This
work includes the characterization of 3 locations of the
articular cartilage of the medial femoral condyle: anterior,
central, and posterior regions. For all, histological, bio-
chemical, and mechanical tests were performed.
Corresponding to clinical incidences of pathology, it was
hypothesized that the lowest mechanical properties would
be found in the posterior region of the medial condyle,
and that the biochemical composition and biomechanical
properties would follow the well-established structure-
function relationships for articular cartilage.

Methods

Sample Collection

This research is exempt from institutional review board
approval because it does not constitute as human subject
research. Human articular cartilage samples were obtained
from leftover allograft tissue provided by commercial enti-
ties (JRF Ortho [Englewood, CO] and MTF Biologics
[Redlands, CA]) to the University of California, Irvine
Medical Center. Discarded tissues, resulting from the unused
portions of allografts that were used in surgeries, were col-
lected and analyzed. The allografts, upon harvest, were kept
in proprietary preservation solutions for 2-6 weeks at 4°C
based on JRF Ortho and MTF Biologics protocols until
donor matching and transplantation surgery. During the
allograft transplantation surgery, the patient would receive a
15-22.5 mm diameter core allograft taken from the donor
condyle. The remaining tissue was immediately processed
for testing; specimens were separated into 3 regions (ante-
rior, central, and posterior), and for each, samples were
obtained for histological, biochemical, and mechanical test-
ing (Fig. 1A).2! The specimens used in this study, collected
over a period of 18 months, include 4 male and 1 female
donors, with an age of 26.2 * 5.6 years (Fig. 1B).

Histology

Samples (5-mm-diameter punches) were fixed in 10% neutral-
buffered formalin, embedded, and sectioned at a thickness of 6
um for histological evaluation. The sections were subsequently
processed and stained with hematoxylin and eosin (H&E),
safranin-O and fast green, and picrosirius red using standard
protocols. Sections where further analyzed using OARSI grad-
ing system to assess the quality of the samples.??

Biochemical Properties

Cartilage samples (two 1 mm punches) were trimmed to a
similar size, excluding any calcified tissue. The samples
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Figure |. Experimental design for the characterization of the human medial femoral condyle. (A) Representative diagram of donor
grafts used for specimen collection. All grafts were divided into three regions: anterior, central, and posterior. Samples were taken
from each of these 3 regions to perform the assessments listed. (B) Detailed information regarding donors sampled. The mean age of

the donors was 26.2 * 5.6 years.

were then weighed to obtain wet weight (WW), lyophilized
for 3 days, and weighed again to obtain dry weight (DW).
Lyophilized samples were digested in 125 pg/mL papain
(Sigma), 5 mM N-acetyl-L-cysteine, and 5 mM ethylenedi-
aminetetraacetic acid (EDTA) in phosphate buffer pH 6.5
for 18 hours at 60°C. DNA content was quantified with a
Picogreen assay (ThermoFisher Scientific). Sulfated gly-
cosaminoglycan (GAG) content was quantified using a
Blyscan  Glycosaminoglycan Assay kit (Biocolor,
Newtownabbey, Northern Ireland). Total collagen content
was quantified using a modified chloramine-T hydroxypro-
line assay using Sircol 0.5 mg/ml acid-soluble bovine col-
lagen as a standard (Biocolor).?

For the quantification of collagen PYR crosslinks, sepa-
rate samples (~0.2-0.6 mg) were weighed, lyophilized, and
acid-digested for 12 hours in 6N HCl at 105°C. After evap-
oration, dried hydrolysates were resuspended in a 75%/25%
(v/v) solution of 0.1% formic acid and acetonitrile, filtered,
and transferred to liquid chromatography—mass spectrome-
try (LCMS) autosampler vials. Samples were measured via
liquid chromatography mass spectrometry using a Cogent
diamond hydride high-performance liquid chromatography
(HPLC) column (2.1 mm X 150 mm, particle size 2.2 pm,
pore size 120A, MicroSolv) and a pyridinoline standard
(BOC Sciences).?

Tribological Properties

Tribology was assessed using a custom pin-on-disk tribom-
eter under boundary lubrication conditions.!" For every
donor tissue, 2 India ink-labeled 3 mm punches were
obtained and glued to the pin of the tribometer parallel or
perpendicular to the direction of articulation to obtain mea-
surements in both orientations. All samples were immersed
in phosphate-buffered saline (PBS), allowed to reach equi-
librium for 2 minutes, and then sheared against the test sur-
face for 5 minutes with velocity set to 0.5 mm/s and a
compressive normal force applied by a 200 g mass. The
measured coefficient of friction describes the interaction
between the articular cartilage sample and the underlying
glass plate immersed in PBS. Data were collected at a rate
of 50 Hz.

Tensile Properties

Uniaxial tension was performed in an Instron model 5565
(Instron, Canton, MA). Dog bone-shaped samples were
obtained from every donor sample, parallel and perpendicu-
lar to the direction of articulation, with a gauge length of
1.55 mm. For each direction, the top Imm layer and full-
thickness samples were prepared.?> All samples were
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photographed to measure thickness and width using Imagel.
The ends of the dog bone were fixed to paper tabs with cya-
noacrylate outside the gauge length and pulled at a strain
rate of 1% of the gauge length/second until failure. Using
the cross-sectional area, Young’s modulus was obtained
from the linear region of the stress-strain curve and the UTS
was defined as the maximum stress obtained.

Compressive Properties

The aggregate modulus and shear modulus were obtained
using a semi-analytical, semi-numerical, linear biphasic
model followed by a finite element optimization.?® Briefly,
3 mm punches were obtained from each donor tissue sam-
ple and trimmed to a height of 1 mm approx. Each sample
was photographed, then submerged in PBS until equilib-
rium, and indented with a flat porous 1-mm-diameter tip
perpendicular to the surface of the sample. A tare mass of
0.5 g was applied until equilibrium was achieved (=600 s),
and a test mass of 7.5-12 g was applied during testing
(=1800 s), which corresponded to ~10% strain. During the
test, deformation is measured over time. A porous platen is
used to allow for fluid to exude from the sample at the
platen contact site. By fitting the stress versus time data
with finite element analysis using the biphasic model, the
aggregate modulus, Poisson ratio, and permeability of the
sample were determined.?’

Relaxation modulus, instantaneous modulus, and coef-
ficient of viscosity were calculated using a standard linear
solid viscoelasticity model and an Instron model 5565
(Instron, Canton, MA).?® For height detection, the 3 mm
punches were submerged in PBS and compressed until
reaching a 0.2 N force at a rate of 0.025 mm/second, and
compared with a reference value set prior to testing. For
testing, samples were preconditioned with 10 cycles at 5%
strain and a 10% strain rate of the sample height/second,
and incremental stress-relaxation were performed at 10%
(=900 s), and 20% strain (=1200 s).

Statistical Analysis

All quantitative biochemical and biomechanical tests were
performed using a samples size of n = 4-5. All data were
presented as mean * standard deviation. A single factor
1-way analysis of variance was used to assess differences
among experimental groups. Multiple comparisons were
performed using Tukey’s post hoc test. Letters depict the
connecting letters report, and different letters over bars
indicate statistical difference between groups (P < 0.05).
All statistical analyses were performed using GraphPad
Prism version 8.4.1 for Windows (GraphPad Software, San
Diego, CA). The correlation analyses were also performed
in GraphPad Prism using a 2-tailed parametric Pearson
correlation.

Results

Histological Evaluation

Histologic staining was used to visualize tissue morphology
and distribution of collagen and glycosaminoglycan (Fig. 2).
Per the companies providing the tissues for allograft trans-
plantation, all donors’ medical and social history were
screened for medical conditions or diseases that could con-
traindicate the donation of tissues, in compliance with the
U.S. Food and Drug Administration (FDA) regulations pub-
lished in 21 CFR Part 1271.2 Moreover, and as stated by
JRF Ortho (which performs a “Comprehensive inspection
criteria to detect allograft imperfections, tissue and cartilage
quality”), a physical assessment was performed by the com-
panies in order to provide tissues that consist in mature,
viable hyaline cartilage matrix, and proprietary processing
methods for prolonged storage were used (e.g., JRF uses
proprietary processing methods shown to maintain 80%
absolute cartilage viability). Thus, considering the source of
the samples and their intended use, all chondral tissues were
considered to be healthy (e.g., with no signs of chondral
degeneration, morphological abnormalities, or physical/
chemical damage) after a gross morphological examination.

The adult cartilage H&E staining revealed a predomi-
nant basophilic stain, and an eosinophilic surface layer
toward the anterior and posterior regions. Cell lacunae were
observed in all regions of the medial condyle (Fig. 2A).
Multiple isogenous groups and vertically arranged cells
were also found toward the deep zone in all regions. The
picrosirius red stain, to visualize total collagen distribution,
showed a high intensity throughout the tissue and an
increased intensity on the superficial zone toward the poste-
rior region (Fig. 2B). The safranin-O stain, with a fast green
counterstain, showed that GAG is primarily concentrated in
the deep zone of cartilage, as reflected by the intensity of
the stain (Fig. 2C). Finally, and toward corroborating the
healthy state of the samples, the sections were analyzed and
scored using the OARSI grading system,?? which confirmed
that all the samples showed a normal architecture and pos-
sessed a grade of 0, consistent with undamaged normal hya-
line cartilage, and with no discontinuity or fibrillation
observed in any of the samples

Biochemical Properties

Glycosaminoglycan, collagen, and pyridinoline content of
the native articular cartilage in the 3 topographical locations
of the condyle are shown in Figure 3. Glycosaminoglycan
content was normalized to both wet weight and dry weight
(Fig. 3A). There were no significant differences among the
regions in terms of glycosaminoglycan normalized to wet
weight, with an averaged content ranging between 5% and
6.8%. Likewise, there were no significant differences when
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Anterior

Central
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Figure 2. Histological analysis of the medial condyle. (A) Hematoxylin and eosin, (B) Picrosirius Red, and (C) Safranin-O staining
obtained from a single representative donor. Isogenous groups were observed in all regions. Collagen staining was more intense
toward the posterior regions, whereas GAG tended to accumulate in the deeper zone on all regions.

normalized to dry weight; the anterior region contained
20.9% = 3.7% glycosaminoglycan per dry weight, whereas
the central and posterior regions contained 18.8+7.4 and
18.2£2.6% glycosaminoglycan per dry weight, respec-
tively. Similarly, no significant differences the collagen

content per wet weight showed, albeit with an increase in
the posterior region (Fig. 3B). This difference is significant
when normalizing the collagen content per dry weight; the
posterior region showed significantly higher amount of col-
lagen (78.4% = 11.8%) compared with the anterior (52.3%
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Figure 3. Biochemical properties of the human medial femoral cartilage. (A) GAG/WW and GAG/DW, (B) COL/WW and COL/
DW, and (C) PYR/WW and PYR/COL. The posterior region of the medial condyle showed higher collagen content, albeit less
crosslinked compared to the collagen in anterior and central regions. Letters depict the connecting letters report. Different uppercase
letters over bars indicate statistical difference between groups. Absence of letters indicates no significant differences.

+ 11.2%) and central (47.1% = 22.2%) regions. Finally, no
significant differences among the regions were found when
comparing the quantification of pyridinoline crosslinks
content per wet weight (Fig. 3C). However, the pyridino-
line content per collagen content revealed a significant
increase of the collagen crosslinking toward the central and
the anterior region.

Tribological Properties

The coefficients of friction for each region were obtained in
2 directions: (1) in the direction of articulation and (2) per-
pendicular to articulation (Fig. 4). Interestingly, there were
no significant differences in the coefficient of friction when
comparing directionality. Additionally, there were also no
significant differences among the coefficient of friction of
the 3 regions. For all regions, regardless of the direction
tested, the coefficient of friction varied between 0.22 and
0.26 (Fig. 4).

Tensile Properties

Young’s modulus and UTS of the human femoral condyle
were characterized in the direction parallel to articulation
(Fig. 5A). The anterior region possessed significantly
higher Young’s modulus values for both top 1 mm layer and
full-thickness tissues (32.5 = 11.7 and 22.9 = 7 MPa,

respectively) compared with top 1 mm layer and full-thick-
ness tissues of the central region (12.4 = 4.5 and 7.0 = 0.5
MPa, respectively). The posterior region was also less stiff
compared with the anterior region, albeit only significant
for the full-thickness tissue (11.6 = 3.3 MPa). In terms of
the UTS, the anterior region of the condyle had a signifi-
cantly higher strength compared with the central and poste-
rior regions, regardless of the layer measured. Finally, and
although the stiffness of the top 1 mm layer trended higher
than the stiffness of the full-thickness tissue, the compari-
son between both measurements showed no significant dif-
ferences in this study.

The tensile properties of the human femoral condyle were
also characterized in the direction perpendicular to articula-
tion, as indicated in the schematic shown in Figure 1A. No
regional differences of Young’s modulus or the UTS were
observed when testing the tissue in this direction (Fig. SB).

Compressive Properties

Aggregate modulus obtained from creep indentation varied
significantly between the anterior and posterior regions of the
medial condyle. The aggregate modulus of the anterior region
was 777 *= 245 kPa, whereas for the posterior region 379 =
94 kPa. The central region, with an aggregate modulus of 602
* 171 kPa, represents a transition region (Fig. 6A). Shear
modulus values also varied significantly following the same
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Figure 4. Coefficient of friction of the articular cartilage surface. Three distinct regions of human femoral cartilage were tested in
2 directions: anteroposterior and mediolateral. The coefficient of friction was isotropic and homogeneous throughout the medial

condyle in young, healthy tissues.

pattern observed for the aggregate modulus. The shear modu-
lus values for the anterior, central, and posterior regions of
the human femoral condyle were 442 = 132 kPa, 349 = 116
kPa, and 223 =+ 62 kPa, respectively, with the anterior and
posterior regions being significantly different (Fig. 6A).

Compressive stress—relaxation testing showed no sig-
nificant differences among the medial condyle regions (Fig.
6B). The average instantaneous modulus at 10% strain was
1357 = 1002kPa, 767 = 589kPa, and 691 = 465 kPa for
the anterior, central, and posterior regions, respectively. The
average relaxation modulus at 10% strain was 2964 + 1411
kPa, 1153 = 385 kPa, and 2579 £ 1717 kPa for the anterior,
central, and posterior region, respectively. At 20% strain,
the average instantaneous modulus was 1579 = 1251 kPa,
649 + 230 kPa, and 672 = 385 kPa for the anterior, central,
and posterior region, respectively, and the average relax-
ation modulus was 4612 * 2054 kPa, 2743 *+ 894 kPa, and
5252 * 2648 kPa for the anterior, central, and posterior
region, respectively (Fig. 6C). No significant differences
wereobservedinthe coefficientofviscosity (Supplementary
Table S1).

A high correlation was found between the compressive
properties and the PYR/COL content, for both the aggregate
modulus (R? = 0.98) and the shear modulus (R? = 0.98)
(Supplementary Table S2). These correlations were higher
than the correlation between compressive properties and
GAG/DW content (R? = 0.86 and R? = 0.85 for aggregate
and shear moduli, respectively), and higher than the corre-
lation between tensile properties and PYR crosslinks (R? =

0.26 and R?> = 0.73 for Young’s modulus and UTS,
respectively).

Discussion

Toward elucidating whether topographical differences in
cartilage properties exist in the medial femoral condyle and
whether such differences inform the incidences of pathol-
ogy, this study applied histological, biochemical, and
mechanical assays to the anterior, central, and posterior
regions of young (mean age of 26.2+5.6 years), healthy
human medial condyles. Based on clinical incidences of
pathology, the limited data currently available on human
tissues, and animal characterization studies,”!? it was
hypothesized that the posterior region of the medial condyle
would exhibit the lowest mechanical properties, and that
tissue composition would follow the established structure-
function paradigm for articular cartilage. Our results indi-
cate that, in contrast to the tribological properties, both
compressive and tensile properties vary according to loca-
tion within the medial condyle, with the posteromedial
compartment displaying the lowest properties. Interestingly,
the aggregate modulus, shear modulus, and UTS strongly
correlate with the PYR crosslink content normalized to col-
lagen content, suggesting new function-structure relation-
ships. Overall, this work’s findings are significant for
providing (1) tribological properties of young, healthy
human cartilage in multiple directions, (2) evidence of
new structure-function relationships between collagen
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Figure 5. Tensile properties of the human medial femoral condyle. (A) Young's modulus and ultimate tensile strength (UTS) of
articular cartilage in the anteroposterior direction. (B) Young’s modulus and ultimate tensile strength (UTS) of articular cartilage in
the mediolateral direction. Letters depict the connecting letters report. Different uppercase or lowercase letters over bars indicate
statistical difference between groups for the top | mm layer and the full-thickness tissue (~2.5 mm) measurements, correspondingly.

Absence of letters indicates no significant differences.

crosslinks and compressive properties in healthy, young
samples, and (3) an assessment of healthy human articular
cartilage of the medial condyle toward understanding
degenerative processes.

With regard to the healthy medial condyle cartilage,
Young’s modulus and UTS showed topographical variation
when measured in the direction of articulation. For the full-
thickness samples, the anterior region showed the highest
values, which were 3.3 and 2.0 times greater than the central
and posterior regions for Young’s modulus, and 2.4 and 3.8
times greater than in the central and posterior regions for
UTS. The compressive properties also varied within the
medial condyle. The aggregate modulus of the anterior
region was 1.4 and 2.1 times greater than the central and
posterior regions, and the shear modulus was 1.3 and 2.0
times greater than in the central and posterior regions.
Collagen content and PYR crosslink per collagen content

also showed topographical variations. Importantly, the col-
lagen crosslink content was correlated with UTS (R? =
0.73), but this correlation was much stronger with the com-
pressive properties (R> = 0.98). In addition, although the
tribological characteristics of bovine, equine, porcine, and
ovine cartilage have been previously investigated,* to the
best of our knowledge, this study is the first to provide a
detailed description of the tribological properties of human
femoral condyle articular cartilage, including topographical
and directional data. It was found that, for the young, healthy
tissues examined, tribological properties did not signifi-
cantly differ when testing in the direction of articulation or
perpendicular to articulation, indicating frictional isotropy.
Limited tribology data have been collected from human
articular cartilage.'> In this study, characterization of
young, healthy human medial condyle cartilage showed
that the coefficient of friction under boundary lubrication
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Figure 6. Compressive properties of 3 distinct regions of human femoral cartilage. (A) Aggregate modulus and shear modulus.
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appeared isotropic and ranged between 0.22 and 0.26, with
no significant differences among topographical regions.
This finding is significant because it provides a target value
for the coefficient of friction of engineered implants
intended to repair or replace human cartilage. For compari-
son, a wide range of coefficient of friction (from 0.002 to
0.5) has been reported for animal cartilages in the past depend-
ing on the tissue and loading configuration used,''!** and, of
these, only 1 reported topographical differences, showing
that the posteromedial condyle had the highest value.!! It
should be noted that the coefficient of friction varies from
study to study due to differences in tissue age, testing con-
figuration (boundary vs. dynamic lubrication), and the pres-
ence of PBS or synovial fluid.3>*® In a recent review,”’ the
only human tribological data provided was a coefficient of
friction of 0.013 for the human hip, highlighting the dearth
of information on this topic. The lack of additional evidence
of human articular cartilage coefficient of friction values
highlights the significance of the tribological results
obtained in this work.

No significant differences in the coefficient of friction
were observed when testing parallel or perpendicular to the
direction of articulation, in spite of reports of anisotropy in
bovine articular cartilage samples.?! A possible cause for
the isotropy observed, aside from species-specific varia-
tions, may be the age of the donors used in this study. With
an average age of 26.2 *£ 5.6 years and all tissues consid-
ered healthy, the cartilage examined might have been
exposed to considerably less age-related wear, a factor
known to affect tissue properties.'**” The observation that
young, healthy tissue does not display anisotropy in its fric-
tional properties may indicate that implants, including tis-
sue-engineered neocartilage, would not have to be designed
to have directional coefficients of friction.

This study found that tensile properties of the medial
condyle vary according to location. The posterior region
showed significantly lower Young’s modulus and UTS val-
ues compared with the central and anterior regions, when
the testing was performed anteroposteriorly. In contrast, the
collagen content was significantly larger in the posterior
region compare with the central and anterior regions. In
agreement to the known structure-function relationships of
articular cartilage that correlate collagen content with ten-
sile properties*® or GAG content with compressive proper-
ties,”” one would infer that the collagen content in the
posterior region would be lower as well. While the collagen
content values in this study were on par with literature,*
collagen did not correlate with tensile properties. This may
be due to several reasons, such as variable collagen organi-
zation between regions due to the different stresses to which
different regions are exposed.*' Our results showed that the
PYR crosslink per collagen correlates with the tensile prop-
erties, especially the UTS (R? = 0.73). Differences in cross-
links may better explain the increase in the tensile properties,

as the formation of covalent PYR crosslinks between indi-
vidual collagen fibers stabilizes the formation of hetero-
typic fibrils and the tissue extracellular matrix.* It is, thus,
suggested that the PYR crosslink content is an important
contributor to tensile properties.

The tensile properties in the top layer as well as the full-
thickness of articular cartilage were also quantified. Young’s
modulus values consistently trended higher in the top 1 mm
layer samples, when testing in the direction of articulation.
This is in agreement with prior work showing that the
superficial zone (top 250-500 pm) has a higher tensile stiff-
ness than the full-thickness tissue.* However, the tensile
properties did not differ significantly with respect to direc-
tions. This could be because in this study we tested the top
1 mm layer, which includes the superficial zone and part the
middle zone. More work needs to be done on characterizing
the tensile properties of young, healthy knee cartilage, espe-
cially to establish zonal effects.

The compressive properties of the medial condyle also
decrease in the anterior-posterior direction. The aggregate
and shear moduli of the posterior region were 2.1 and 2.0
times lower than those of the anterior region. Similar results
were observed for the 10% instantaneous modulus, how-
ever, the high variability observed in the stress-relaxation
data calls for a larger number of samples. In terms of the
known relationship between GAGs and compressive prop-
erties,* our results showed correlations between GAG/DW
and aggregate modulus (R?> = 0.93) and shear modulus (R?
= 0.86) (Supplementary Table S2). Surprisingly, higher
correlation values were found between the degree of colla-
gen crosslinking and aggregate modulus (R?> = 0.98) as
well as shear modulus (R? = 0.98). The PYR per collagen
of the posterior region was 1.7 and 1.5 times lower than that
of the anterior and central region. While GAG content did
not differ among the regions tested, the crosslink content
was significantly lower in the posterior region, just like the
compressive properties. Thus, it is suggested that the struc-
ture-function paradigm in articular cartilage should include
consideration of collagen crosslinks.

The scarcity of young, healthy tissues is an important
limitation toward the determination of the biomechanical
and biochemical properties of articular cartilage tissue.
While multiple studies exist in which osteoarthritic samples
have been quantified, a handful have employed healthy tis-
sues. The work presented by Ebrahimi et al.,'® in which
healthy cartilage was considered, mentions the presence of
full-thickness degradation in several medial condyles of
total knee replacements and healthy knees. In other cases,
the authors have pooled samples with a certain degree of
damage, such as cartilage with an OARSI grade 1, as
healthy tissue.!” In this work, the limited number of donors
and samples per group was compared with the results
reported in other studies so as to determine the accuracy of
our results. Using the aggregate modulus, it was determined
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that the mean and variance of the results shown in this work
are comparable to those of the results reported by oth-
ers.'>!>17 In addition, we performed an a posteriori power
analysis for those measurements that did not show statisti-
cal differences, with the objective of identifying the appro-
priate sample size needed to show significance in the
properties. This post hoc power analysis indicated that one
would need to employ an unrealistic sample size to show
significance, supporting our findings. Thus, and in spite of
the limiting availability of young, healthy human cartilage,
the results of this work are in agreement with the scant lit-
erature on healthy human articular cartilage.

The lower tensile and compressive properties identified
in the posteromedial condyle of young, healthy donors,
together with the higher contact pressure and strains
reported in the posteromedial condyle compartment, may
be associated with the higher prevalence of injury and tissue
degeneration in the posterior region.®*4¢ Our results show
that UTS, aggregate modulus, and shear modulus have a
strong and positive correlation to the degree of collagen
crosslinking (PYR/Col). Thus, articular cartilage’s predis-
position to pathologies may be better predicted by the
degree of PYR crosslinks. This new emerging relationship
between PYR crosslinks and strength and stiffness of the
articular cartilage matrix may also be linked to degenerative
diseases in the knee joint.

The biochemical and mechanical properties of the
human condyle, especially from young and healthy donors,
are yet to be fully determined. In this study, the topograph-
ical analysis of the medial condyle showed isotropy and
homogeneity of the coefficient of friction. The tensile and
compressive properties, instead, varied according to loca-
tion. Also, new structure-function relationships emerged.
Specifically, UTS, aggregate modulus, and shear modulus
were shown to have a strong correlation with the PYR
crosslink per collagen content. Finally, the posterior region
of the condyle, which has been shown to be the region
with the highest incidence of chondral degeneration, was
identified as the region with the lowest tensile properties,
compressive properties, and PYR/collagen, indicating that
these tissue properties may predispose the cartilage to
injuries and degeneration.
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