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Quantitative measurements of cartilage wear have been challeng-
ing, with no method having yet emerged as a standard. This study
tested the hypothesis that latest-generation particle analyzers are
capable of detecting cartilage wear debris generated during
in vitro loading experiments that last 24 h or less, by producing
measurable content significantly above background noise levels
otherwise undetectable through standard biochemical assays.
Immature bovine cartilage disks (4 mm diameter, 1.3 mm thick)
were tested against glass using reciprocal sliding under uncon-
fined compression creep for 24 h. Control groups were used to
assess various sources of contamination. Results demonstrated
that cartilage samples subjected to frictional loading produced
particulate volume significantly higher than background noise
and contamination levels at all tested time points (1, 2, 6, and
24 h, p< 0.042). The particle counter was able to detect very
small levels of wear (less than 0.02% of the tissue sample by vol-
ume), whereas no significant differences were observed in
biochemical assays for collagen or glycosaminoglycans among

any of the groups or time points. These findings confirm that
latest-generation particle analyzers are capable of detecting very
low wear levels in cartilage experiments conducted over a period
no greater than 24 h. [DOI: 10.1115/1.4023456]

Introduction

The primary function of articular cartilage is to serve as the
bearing material in diarthrodial joints, transmitting loads while
minimizing friction and wear. The friction coefficient of cartilage
has been characterized extensively in the literature, using standard
measurements of normal and tangential forces acting across a slid-
ing interface [1–7]. Qualitative observations of cartilage wear de-
bris have been made [8–15]; however, quantitative measurements
of cartilage wear have proven to be more challenging, with only a
few studies having reported such measurements. The primary
quantitative approaches proposed to date include biochemical
assaying of cartilage and test solutions [16–20], characterization
of changing articular layer thickness [17,21–23], and changes in
surface roughness [7,20,24–28]. One study examining polyethyl-
ene wear debris in hip arthroplasty reported the use of an auto-
mated particle analyzer [29]. The aim of this study was to test
whether latest-generation particle analyzers are capable of detect-
ing cartilage wear debris generated during in vitro loading experi-
ments that last 24 h or less, by producing measurable content
significantly above background noise levels. The longer-term
objective of our studies is to test the hypothesis that elevated inter-
stitial fluid pressurization, which is known to reduce the friction
coefficient of cartilage [30,31], also reduces cartilage wear.

Materials and Methods

Sample Harvest. Articular cartilage cylindrical explants were
harvested from the tibial plateau of 2–3 month old calf knee joints
(n¼ 9) obtained from a local abattoir. Full thickness cartilage
discs (ø 4 mm) were excised, placed with articular surface down
on a freezing stage microtome (Leica Instruments #SM2400,
Nusslock, Germany), embedded and frozen in a water soluble sec-
tioning gel (Thermo Scientific #1310APD, Rockford, IL), and
trimmed of bone and deep zone tissue to obtain samples inclusive
of an intact superficial zone with a final thickness between 1.2 and
1.4 mm (n¼ 9 per treatment group). After preparation, samples
were stored at �20 �C for a period no greater than 30 days until
use. Cartilage sample pairs harvested from adjoining regions were
randomized into test and control groups to produce a study design
with repeated measure.

Solution Preparation. Phosphate buffered saline solution
(PBS) supplemented with a protease inhibitor cocktail (Thermo
Scientific #78438, Rockford, IL) and bactericide (Sigma-Aldrich
#46878-U, St. Louis, MO) was used as a base solution for all test-
ing. Base solution was passed through a 0.1 lm pore filter (Milli-
pore #SLVV033RS, Billerica, MA) to eliminate background
particulate, and care was taken to prevent contamination. Four so-
lution groups were prepared, one each for the loaded cartilage
wear (TEST), unloaded cartilage control (CTRL), environmental
contamination control (ENVR), and base solution contamination
control (BASE) groups (Fig. 1).

Fig. 1 Schematic for TEST, CTRL, ENVR (cross-sectional
views), and BASE (15 ml centrifuge tube) solution
configurations

Contributed by the Bioengineering Division of ASME for publication in the
JOURNAL OF BIOMECHANICAL ENGINEERING. Manuscript received October 1, 2012; final
manuscript received January 14, 2013; accepted manuscript posted January 18,
2013; published online February 7, 2013. Editor: Beth Winkelstein.

Journal of Biomechanical Engineering FEBRUARY 2013, Vol. 135 / 024501-1Copyright VC 2013 by ASME



Mechanical Testing. Test and control cartilage samples were
thoroughly rinsed with base solution prior to testing and sub-
merged in 10 ml of base solution, which was aspirated and
replaced with fresh solution at 1, 2, 6, and 24 h time points. Test
cartilage samples were subjected to friction using a smooth glass
slide. The glass slide surface roughness was measured,
Ra¼ 0.003 6 0.002 lm, using an optical profilometer with a 10�
objective and 1.81� 1.36 mm scan area (Zygo #NV5000, Middle-
field, CT). Measurements were performed in an unconfined com-
pression creep configuration with a prescribed 4.48 N load
(equivalent to 0.36 MPa) and intermittent sliding with translation
range of 610 mm and sliding velocity of 1 mm/s at room tempera-
ture, as used previously for the TEST group [7]. Control cartilage
samples were placed in dishes without loading platens to deter-
mine the combined effects of natural particulate shedding from
cartilage and environmental contamination for the CTRL group.
Dishes without cartilage samples were used to determine environ-
mental solution contamination for the ENVR group and were
sampled in the same way as TEST and CTRL groups. The BASE
solution group particulate content was also assessed to verify
cleanliness over time (Fig. 1).

Particulate Analyzer. Solutions were tested with a particle
sizing and counting analyzer configured to measure particulates
from 0.6 to 60 lm in diameter using two separate aperture tubes
(30 and 100 lm) with a 300 ll total aspiration volume (Beckman
Coulter #Multisizer 4, Brea, CA). After testing with the 100 lm
aperture tube, solutions were then screened through a 10 lm filter
(Spectrum Labs #148102, Rancho Dominguez, CA) prior to test-
ing with the 30 lm aperture, to prevent clogging (the 10 lm filters
are first cleaned by copious flushing with base solution). Counting
analyzer calibration verification for both particulate size and num-
ber was performed per manufacturer specifications. Solution sam-
ples were placed in clean containers for testing, and agitated
throughout test duration to keep particulates in suspension during
characterization. For each group, cumulative particulate content
was calculated at each time point by adding results from preced-
ing time points.

Particulate Assay. To concentrate wear particulate in prepara-
tion for biochemical assay, remaining sample solutions were cen-
trifuged at 14,000 relative centrifugal force (RCF) for 45 min. The
supernatant was removed and replaced with filtered de-ionized
water to decrease the overall salt content prior to lyophilization.
This centrifugation rinse cycle was repeated twice for each solu-
tion sample prior to lyophilization. Wear particulate lyophilisate
was digested with Proteinase K for 12 h at 60 �C in 0.1 M sodium
acetate containing 5 mM EDTA, 1 mM iodacetamide, 10 lg/ml
pepstatin A, and 50 mM Tris. Minimal digestion solution volumes
were used (250 ll) to maximize particulate concentration for
increased assay sensitivity. Solution digests were then assayed for
sulfated glycosaminoglycan (GAG) content using the 1,9-dime-
thylmethylene blue dye-binding assay [32]. Hydroxyproline con-
tent was determined from aliquots of the Proteinase K digest
product. Samples were hydrolyzed by heating with equal volume
of 12M HCl at 107 �C for 18 h and dried. The hydrolysates were
assayed for hydroxyproline content using a colorimetric assay
[33]. Collagen content was calculated from the aliquot fraction
and hydroxyproline to total collagen ratio (7.64) [34].

Particulate Imaging. Representative samples were obtained
for TEST, CTRL, and ENVR solutions at the 24 h time point and
concentrated according to the method above. Solutions were then
incubated in 20 lM dichlorotriazinyl aminofluorescein (Invitrogen
#D16, Eugene, OR) for 30 min then mixed one to one with a water
soluble mounting gel to prevent particulate motion during imaging
(Sigma-Aldrich #C 0612, St. Louis, MO). Gel solutions were
mounted on coverslips for confocal imaging and sealed to prevent
evaporation [35]. Z image stacks were obtained on a confocal

microscope (Leica Microsystems #TCS SP5, Buffalo Grove, IL)
and combined (NIH #ImageJ V1.44 p, Bethesda, MD) for qualita-
tive visualization. Before and after testing, images were taken of
the TEST cartilage tissue samples to assess potential macroscopic
damage.

Statistical Analysis. A two-way analysis of variance was per-
formed for the factors of treatment (TEST, CTRL, ENVR, BASE)
and time (1, 2, 6, 24 h) using repeated measures, with significance
set at p� 0.05. Post hoc testing of the means used Tukey correc-
tion. Analyses were performed for particulate number, particulate
volume, GAG content, and collagen content (SAS Institute #SAS
V9.2, Cary, NC).

Results

Particulate Number. TEST solution cumulative wear particu-
late number was found to be significantly greater than CTRL,
ENVR, and BASE solutions at all time points tested (p< 0.005,
Fig. 2(a)). No differences were detected between CTRL, ENVR,
and BASE solutions at any time points (p> 0.97).

Particulate Volume. TEST solution cumulative wear particu-
late volume, similar to particulate number, was found to be signif-
icantly greater than CTRL, ENVR, and BASE solutions at the 2,
6, and 24 h time points (p< 0.042) (Fig. 2(b)). No differences
were detected between CTRL, ENVR, and BASE solutions at any
time points (p> 0.90).

Fig. 2 Wear particulate measurements for bovine articular car-
tilage explants showing significant (*p < 0.05) increases in (a)
particulate number and (b) volume when compared to unloaded
CTRL, ENVR, and BASE groups at respective time points (n 5 9
per group, 1, 2, 6, 24 h). No differences between CTRL, ENVR, or
BASE groups were detected [(a) p > 0.97, (b) p > 0.90)].
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Particulate Assay and Imaging. No differences were detected
between TEST, CTRL, ENVR, and BASE solutions for either
GAG (p¼ 0.87) or collagen content (p¼ 0.93) (Table 1). Qualita-
tive visualizations from confocal imaging regarding particle ge-
ometry (Fig. 3) matched size distributions obtained via particle
analyzer (Figs. 4(a) and 4(b)).

Discussion

The reported measurements of this study clearly demonstrate
that the cartilage samples subjected to frictional loading produce
particulate content that is significantly higher than background

noise and contamination levels (Figs. 2(a) and 2(b)). The experi-
mental design of this study accounted for shedding of cartilage de-
bris in the absence of loading, as may occur from natural
enzymatic degradation or other similar mechanisms. The design
also accounted for contamination from the testing environment,
such as dust particles from the air or debris from the dishes and
fluid handling equipment. By enforcing a clean testing environ-
ment, and minimizing enzymatic degradation using protease
inhibitors, it was found that environmental contamination was
negligible at all time points, in comparison to the wear produced
from frictional loading. Confocal images provide direct visual evi-
dence of the debris characterization from the particle counter
(Fig. 3).

Though the amount of cartilage wear observed in the TEST
group was significantly higher than background noise and contam-
ination, it should be noted that it represented only a minute
amount of loss from the cartilage sample. As noted from Fig. 2(b),
the particulate volume at 24 h averaged less than 2� 106 lm3,
which is less than 0.02% of the total volume of cartilage
(16� 109 lm3). This outcome is not surprising, considering the
relatively short 24 h duration of loading used in this test, when
compared to the normal lifetime of cartilage. It is thus remarkable
that the particle analyzer used in this study is able to detect such
small but significant wear levels; otherwise not detected using
standard biochemical assays (Table 1). This high sensitivity will
considerably facilitate future studies of the wear response of carti-
lage under a variety of testing conditions, allowing investigators
to test various wear-related hypotheses.

The lubrication regime achieved in the testing conditions of this
study is a combination of interstitial fluid pressurization and
boundary lubrication [36,37]. As shown in prior studies, upon
application of the load, the interstitial fluid in the tissue pressur-
izes and supports most of the applied load, producing a low fric-
tion coefficient [30]. As the pressure subsides, the load becomes

Table 1 Biochemical assay measurements showing no
detected difference in either glycosaminoglycan [(a) p > 0.87] or
collagen [(b) p > 0.93] content among the TEST, CTRL, ENVR, or
BASE groups at any time point (n 5 8 per group, 1, 2, 6, 24 h)

Glycosaminoglycan
mass (lg)

Collagen
mass (lg)

BASE (h) 1 0.79 6 0.39 0.56 6 0.32
2 0.95 6 0.54 0.35 6 0.22
6 1.05 6 0.40 0.40 6 0.20

24 0.81 6 0.37 0.53 6 0.31

ENVR (h) 1 0.99 6 0.47 0.42 6 0.29
2 0.99 6 0.42 0.44 6 0.17
6 0.52 6 0.43 0.46 6 0.24

24 0.74 6 0.44 0.50 6 0.19

CTRL (h) 1 0.79 6 0.38 0.58 6 0.34
2 0.67 6 0.29 0.36 6 0.21
6 0.73 6 0.51 0.55 6 0.38

24 0.52 6 0.59 0.38 6 0.19

TEST (h) 1 0.79 6 0.34 0.39 6 0.25
2 0.88 6 0.36 0.42 6 0.12
6 0.62 6 0.43 0.57 6 0.32

24 0.61 6 0.50 0.42 6 0.36

Fig. 3 Wear particulate confocal z stack and angled z stack
showing qualitative agreement between observed size distribu-
tion and particle analyzer measurements for representative 24 h
TEST solution

Fig. 4 (a) Particulate size and (b) volume distribution for repre-
sentative 24 h TEST solution showing a high number of micron
sized particles
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supported by the solid matrix; thus resulting in a boundary lubri-
cation regime and a high friction coefficient [30]. For a 4 mm di-
ameter plug, the characteristic time for this loss of fluid
pressurization is �1400 s [38]. Therefore, for the experiments in
this study, boundary lubrication prevailed over most of the testing
duration. Furthermore, the magnitude of wear reported in this
study is only representative of the specific testing conditions used
here. Other experimental conditions will likely produce differing
amounts of wear.

In summary, the results of this study establish unequivocally
that latest-generation particle analyzers are capable of detecting
very low wear levels in cartilage experiments conducted over a
period no greater than 24 h.
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