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Abstract The production of wear debris particulate remains
a concern due to its association with implant failure through
complex biologic interactions. In the setting of unicompart-
mental knee arthroplasty (UKA), damage and wear of the
components may introduce debris particulate into the adja-
cent, otherwise, healthy compartment. The purpose of this
study was to investigate the in vitro effect of polymeric and
metallic wear debris particles on cell proliferation, extra-
cellular matrix regulation, and phagocytosis index of normal
human articular chondrocytes (nHACs). In culture, nHACs
were exposed to both cobalt-chromium-molybdenum
(CoCrMo) and polymethyl-methacrylate (PMMA) wear
debris particulate for 3 and 10 days. At 3 days, no significant
difference in cell proliferation was found between control
cells and cells exposed to both CoCrMo or PMMA particles.
However, cell proliferation was significantly decreased for
CoCrMo exposed nHACs at both 6 (P< 0.001) and 10 days
(P< 0.001) and PMMA at 10 days (P< 0.001). Target gene
expression displayed both a time- and material-dependent
response to CoCrMo and PMMA particles. Significant dif-
ferences in COL10A1, ACAN, VCAN, IL-1β, TNF-α,
MMP3, ADAMTS1, CASP3, and CASP9 regulation were
found between CoCrMo and PMMA exposed nHACs at day
3 with gene regulation returning to near baseline at 10 days.

Results from our study indicate a role of wear debris induced
cartilage degeneration after exposure to polymeric and
metallic wear debris particulate, suggesting an additional
pathway of cartilage breakdown, potentially manifesting in
traditional clinical symptoms.

Graphical Abstract

1 Introduction

Unicompartmental knee arthroplasty (UKA) has been uti-
lized as an alternative treatment for single-compartment
osteoarthritis (OA) of the knee with several proposed ben-
efits including less invasive surgery, maintenance of normal
knee kinematics, reduced recovery time, increased range of
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motion, and improved physiologic function [1, 2]. Initial
reports cited poor survivorship, largely attributed to inade-
quate patient selection criteria and first-generation implant
designs [3, 4]. Through design improvements, increased
surgeon volume, and improved patient selection, the revision
risk has decreased [5], however, adjacent compartment
degeneration, component loosening and polyethylene (PE)
wear remain the most frequent reasons for UKA implant
failure and need for revision surgery [2, 6–11]. Additionally,
retrieval studies of UKA systems have previously demon-
strated extensive PE wear and component damage in failed
systems [12–14], however, these results have generally been
implicated clinically with osteolysis and loss of component
fixation rather than continued articular cartilage degeneration.
Adjacent compartment degeneration following UKA is a
topic of controversy and underscores the importance of a
thorough preoperative clinical assessment of cartilage in all
three compartments. It is unknown whether subclinical
symptoms exist in adjacent cartilage prior to UKA implan-
tation, predisposing the adjacent compartment to future
degenerative changes in a natural progression, or if degen-
eration in the adjacent compartment occurs in response to
mechanical or biochemical changes after UKA.

The impact of UKA on changes in the mechanical
loading environment of the adjacent compartment is also
not yet fully elucidated as studies have demonstrated both
alterations [15–17] and preservation [18, 19] of knee
kinematics following UKA procedures. When investigating
the presence of third-body debris, Hauptmann et al. [20]
reported the in vivo presence of polymethyl-methacrylate
(PMMA) fragments, especially in the posterior regions,
which can be easily missed during minimally-invasive
UKA implantation. In addition to PMMA particle genera-
tion, evidence of damage to non-polymeric, metal articular
components has also been established in the setting of joint
arthroplasty, indicating that intra-articular release of
metallic particles can occur due to component articulation
and addition of third-body debris [21–25]. Malikian et al.
[26] also noted significantly increased in vivo surface
roughness of retrieved femoral components of uni-
compartmental components compared to control compo-
nents indicating damage specific to UKA. The introduction
of third body wear particles such as bone fragments or
PMMA particles has been shown to accelerate component
wear and increase wear particle production which may
contribute to early implant failure [27, 28]. Schroeder et al.
determined the addition of PMMA particles to a UKA wear
simulation study increased the wear rates of polyethylene
in vitro. UKA implant retrieval studies of failed, explanted
UKAs have established that wear resulting in mean volu-
metric changes of UKA liners occurs via several damage
modes, including abrasion, starching and pitting, which
may play a role in wear debris generation [29–31].

This presence of third body particulate and component
wear may expose the adjacent femoral compartment to
foreign debris particulate. Both in vitro and in vivo wear
debris studies have investigated the potential chondrocyte
response after exposure to wear debris particulate. Chang
et al. [29] investigated the effect of PE exposure on chon-
drocytes isolated from porcine knees, identifying elevated
secretion of precursor mediators of osteoarthritis (nitrogen
oxide and prostaglandin E2) suggesting a detrimental effect
of debris particulate on cartilage viability. Lorber et al. [30]
and Utzchneider et al. [31] both exposed murine knee joints
to varying types of PE and PEEK wear particles and
observed elevated levels of pro-inflammatory cytokines in
the articular cartilage. Park et al. [32] also demonstrated that
exposure of rat chondrocytes to polymeric wear debris
resulted in increased pro-inflammatory cytokine expression
in an in vitro 2D culture, and exacerbated cartilage degen-
eration in vivo, providing evidence that polymeric wear
debris induces articular cartilage degeneration. The results
of these studies elucidated a role of PE wear debris in the
osteoarthritic cascade, but little research exists investigating
the effect of non-polymeric wear particulate on chon-
drocytes and cartilage degeneration.

The purpose of this study was to evaluate the effect of
third body wear debris (PMMA and CoCrMo wear parti-
culate) on normal human articular chondrocytes (nHACs) in
an in vitro cell culture experiment evaluating particle-cell
phagocytosis, cellular proliferation, and target gene
expression profiles. We hypothesized that both materials
would have a detrimental impact on cell proliferation and
altered target gene expression profiles compared to control
cells. It was also hypothesized that CoCrMo would have a
greater effect on cell proliferation compared to PMMA
particulate.

2 Materials and methods

2.1 Cell culture and particle exposure

Commercially obtained PMMA and CoCrMo wear particles
(Bioengineering Solutions Inc., Oak Park, IL, USA) were
produced under class 100 sterile conditions via proprietary
cryo-milling/cryo-pulverization techniques from prepared
bone cement (Palacos, Zimmer, Warsaw IN, USA) and a
total hip arthroplasty femoral head component (Zimmer,
Warsaw, IN), respectively. Particle size was confirmed via
low angle laser light scattering (LALLS) to be within the
phagocytosable range [33] with average particle sizes for
PMMA and CoCrMo of 1.82 µm and 0.83 µm, respectively.
Particles were also verified to be endotoxin free.

Normal human articular chondrocytes (nHACs; Lonza,
Basel, Switzerland) were cultured in Dulbecco’s Modified
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Eagle Medium with Hams Nutrient Mixture F-12 (DMEM-
F12) supplemented with 5% fetal bovine serum, 1% peni-
cillin streptomycin, and 0.05 mg/mL ascorbic acid.
Experimental and control wells of a 12-well plate were
seeded at densities of 2× 104 and 1× 104 cells/cm2,
respectively, and allowed to attach for 24 h at 37 °C and 5%
CO2. Lower densities were used in control wells to mini-
mize overcrowding at later time points, however, all data
were normalized to account for this difference for sub-
sequent analyses. Particles were suspended in culture
medium using sonication and added to wells at a con-
centration of 10:1 particles to cells. This particle-to-cell
concentration has been shown to elicit phagocytosis of
UHMWPE particles by primary human chondrocytes [32].
To avoid wear particle loss at the time of medium exchange
(every 72 h), supernatant was removed and centrifuged to
pellet any wear debris particles present, which were then re-
suspended in fresh medium and added back into respective
wells.

2.2 Cell proliferation

At time zero, 3-day, 6-day, and 10-day time points, cell
proliferation of control and experimental samples (n= 6 per
group) was measured using an Alamar Blue assay (Life
Technologies, Carlsbad, CA, USA) [34–36]. For each
measurement, supernatant was removed and replaced with
500 µL of a 10:1 dilution of Alamar blue stock solution in
culture medium and incubated 1.5 h, as established during
preliminary work. Duplicate 100 µL aliquots of each sample
were transferred to a 96-well plate and the fluorescence
intensity evaluated at an excitation wavelength of 540–570
nm and emission wavelength of 580–610 nm, using a
microplate reader (Gemini EM Fluorescence Microplate
Reader, Molecular Devices, Sunnyvale, CA, USA). Fluor-
escence was subtracted from negative control samples that
included medium alone to mitigate the effect of cell culture
medium on the fluorescence intensity. Fold change over the
initial intensity (time zero measurement) fluorescence
intensity in each group was calculated for each subsequent
time point. Data was represented as change in initial
fluorescent intensity, which is linearly related to cell num-
ber. After completion of the assay, cells were fixed in 4%
glutaraldehyde at room temperature for 30 min, and imaged
via low-vacuum scanning electron microscopy (Quanta
FEG 400, FEI, Hillsboro, OR, USA) to qualitatively eval-
uate cell and particle morphology, as well as the proximity
of particles to cells.

2.3 PCR analysis

At 3- and 10-day time points, cells were lysed (n= 6 sam-
ples per group, per time point), and RNA collected for

quantitative reverse transcription polymerase chain reaction
(qRT-PCR) analysis of 14 target genes along with 18 s
ribosomal RNA, which served as the endogenous control
(Table 1). Wells were rinsed with 500 µL PBS, and cells
lysed using 100 µL RLT buffer containing 2M Dithio-
threitol (DTT), and lysate collected using a cell scraper.

RNA was isolated using a commercially-available RNA
isolation kit (RNeasy Micro Kit, Qiagen, Valencia, CA,
USA), SuperScript Vilo Master Mix (Life Technologies,
Carlsbard, CA, USA) was used for the synthesis of cDNA
from 100 ng RNA, and qRT-PCR was performed with
custom TaqMan array 96-well plates (Life Technologies,
Carlsbard, CA, USA). Samples were run in duplicate and
each plate contained six assays of one manufacturer control,
one endogenous control, and 14 target genes. qRT-PCR
reaction mixture was prepared containing 2.5 ng cDNA, 1x
TaqMan Gene Expression Master Mix (Life Technologies,
Carlsbard, CA, USA), and 1x Gene Expression Assay (Life
Technologies, Carlsbard, CA, USA). Gene expression levels
were quantified using the ViiA™ 7 Real-Time PCR System
(Life Technologies, Carlsbard, CA, USA), with the following
thermocycling condition: 50 °C for 2 min, 95 °C for 10min,
and 40 amplification cycles of 95 °C for 15 s/60 °C for 1 min.

2.4 Phagocytosis analysis

To determine whether the chondrocytes endocytosed parti-
cles, a flow cytometry experiment was undertaken based on
previously published methodology [32, 37]. Cells were

Table 1 List of target genes quantified with qRT-PCR at 3-days and
10-days after exposure to CoCrMo and PMMA particulate

Target Name Pathway

18S 18S Ribosomal RNA Endogenous control

ACAN Aggrecan ECM constituent/
proteoglycan family

VCAN Versican ECM constituent/
proteoglycan family

COL1A1 Collagen, type I, alpha I ECM constituent

COL2A1 Collagen, type II, alpha I ECM constituent

COL10A1 Collagen, type X, alpha I ECM constituent

MMP3 Matrix metalloproteinase
3

ECM constituent

MMP13 Matrix metalloproteinase
13

ECM constituent

CASP3 Caspase 3 Apoptosis

CASP9 Caspase 9 Apoptosis

IL-1β Interleukin 1, beta Cytokine family,
inflammatory response

IL-10 Interleukin 10 Cytokine family,
inflammatory response

TNF Tumor necrosis factor a Pro-inflammatory cytokine
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stained in suspension using Vybrant CFDA SE Cell Tracer
Kit (Life Technologies, Carlsbad, CA, USA) per the manu-
facturer’s protocol, and seeded in 24-well plates as described
above. Particles were added after 24 h, and wells imaged
daily via light microscopy at 10× and 20×magnifications. At
3-day and 10- day time points, samples were detached using
colorless trypsin with EDTA (n= 6 samples per experimental
group, n= 3 cell-only control samples), diluted with culture
medium containing FBS to inactivate the trypsin, filtered
through falcon flow cytometry tubes to eliminate cell
clumping, and analyzed via flow cytometry (FACSCanto II,
BD Biosciences, San Jose, CA, USA) to detect changes in
cell granularity and size between control and experimental
samples. The phagocytosis index, which represents the degree
of granularity and is an indicator of the number of phagocytic
chondrocytes, was calculated as previously described [32,
37]. Furthermore, the particle ingestion index, an indicator of
the number of particles ingested per phagocytic chondrocyte,
was calculated using median side scatter [37]. Both indices
were normalized to control, unexposed chondrocytes.

2.5 Data analysis and statistical methods

All statistical comparisons were performed in SPSS (v20,
IBM, Armonk, NY, USA). Alamar Blue data was repre-
sented as fluorescent intensity, which is linearly related to
cell number [35]. A relative change in cell number was
calculated at each time point as fold-change over initial
fluorescence intensity for each group. Alamar Blue data was
normally-distributed and compared as “fold-change over time
zero” fluorescence signal using Two-Way Analysis of Var-
iance (ANOVA; Factor A: Material; Factor B: Time Point).
Post-hoc comparisons were performed using the modified
Bonferroni test. Raw qRT-PCR data was normalized as fold-
change over the control/housekeeping gene (18 s) using the
standard delta-delta-CT method [38]. The normality and
equal variance assumptions were tested using the
Kolmorogov-Smirnov test and the F-test, respectively. Fold-
change over control data was not originally normally dis-
tributed and was transformed using a Log10 transform,
which, was confirmed to be meet normality and equal var-
iance assumptions. Transformed data was then compared
using Two-way ANOVA (Factor A: Materials; Factor B:
Time Point). Post-hoc comparisons were performed using the
modified Bonferroni test. Significance was set at P< 0.05.

3 Results

3.1 Cell proliferation

Cell proliferation determined by fold-change over initial
fluorescence intensity (cell number at time-zero) (Fig. 1). At

day 3, there was no significant difference between control
cells and cells treated with CoCrMo (P= 0.908) or PMMA
(P= 0.659). At 6 and 10 day time points, both PMMA and
CoCrMo particles negatively impacted the proliferation of
articular chondrocytes. Exposure to CoCrMo particles at
6 days, and CoCrMo or PMMA at 10 days, significantly
decreased the fold change in cell number compared to
control (P< 0.001). Cell proliferation was impacted sig-
nificantly more by CoCrMo than PMMA at both 6 days (P
= 0.001) and 10 days (P< 0.001). The Control group
exhibited sustained cellular proliferation throughout length
of the experiment, with significant increases in fold change
in cell number at each time point (P< 0.001). Cells exposed
to PMMA particles exhibited a significant increase in fold-
change from 3 to 6 days (P< 0.001) and 6 to 10 days (P=
0.040). No significant increase in fold-change between 3
and 6 days (P= 0.166) and between 6 and 10 days (P=
0.361) was noted in the CoCrMo group.

3.2 PCR analysis

qRT-PCR results demonstrate a differential gene expression
profile of chondrocytes exposed to CoCrMo and PMMA
particulate which was both time-dependent and material-
dependent. At Day 3 (Fig. 2a), Col10a1, ACAN, VCAN,
IL-1β, TNF-α, MMP3, ADAMTS1, CASP3, and CASP9
were expressed at a significantly higher level in the
CoCrMo group compared to the PMMA group. However, at
Day 10 (Fig. 2b), only COL2A1 expression was sig-
nificantly higher in the CoCrMo group compared to the
PMMA group. Within the CoCrMo group, Col10a1,

Fig. 1 Cellular proliferation as analyzed by Alamar Blue Assay. Cells
treated with CoCrMo exhibited significantly decreased cell prolifera-
tion, as measured by fold change over initial intensity compared to
control cells at both 6 days (P< 0.001) and 10 days (P< 0.001). Cells
treated with PMMA exhibited significantly decreased cell proliferation
at 10 days (P< 0.001). There was a significant difference in fold
change between CoCrMo-treated and PMMA-treated cells at both
6 days (P= 0.001) and 10 days (P< 0.001)
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MMP3, and MMP13 were expressed at a significantly
higher level at Day 3 compared to Day 10. Col2a1
expression was significantly greater at Day 10 than at Day 3
in the CoCrMo group.

3.3 Phagocytosis analysis

Light microscopy demonstrated direct cell-particle contact
in both CoCrMo (Fig. 3a) and PMMA (Fig. 3b) material
groups throughout the experiment. Similarly, scanning
electron microscopy also displayed interaction between
nHACs and particles for both CoCrMo (Fig. 3c) and
PMMA (Fig. 3d) groups. Numerous cells with large particle
clusters within the cell border were observed, and by Day
10, nearly all particles were observed to be in immediate
proximity to a cell rather than evenly-dispersed throughout
the culture well. Both materials exhibited a positive pha-
gocytosis index, indicating chondrocyte phagocytosis of
particles (Fig. 4a). There was no significant difference in
phagocytosis index in the CoCrMo group between Day 3
and Day 10 (3.94 %± 2.6; day 10: 8.87 %± 5.64, P=
0.093), but PMMA exhibited a significant increase in pha-
gocytosis index between the two time points (Day 3: 1.73
%± 1.49; Day 10: 7.68 %± 4.21, P= 0.004). There was no
difference in phagocytosis index between CoCrMo and
PMMA at either Day 3 (P= 0.132) or Day 10 (P= 0.818).
Both material groups exhibited increases in particle inges-
tion index over control cells (Fig. 4b). There was no sig-
nificant difference in particle ingestion index in the
CoCrMo group between Day 3 and Day 10 (Day 3: 14.22
%± 6.8; Day 10: 19.06 %± 12.21, P= 0.589), but PMMA
exhibited a significant increase between Day 3 and Day 10
(Day 3: 5.68 %± 1.61; Day 10: 15.89 %± 8.52, P=
0.041). At Day 3, CoCrMo had significantly higher particle
ingestion index compared to PMMA (P= 0.002), but there

was no difference between the two groups at Day 10 (P=
0.818).

4 Discussion

Adjacent compartment degeneration following UKA
remains a topic of extensive discussion, and its etiology
remains largely unknown. While polyethylene wear in UKA
has been implicated as a reason for revision in retrieval
analyses [12–14], a paucity of data exists regarding the
biological interaction between wear particles and adjacent
compartment tissues, specifically, the response of human
articular chondrocytes to wear particles from UKA systems.
This investigation assessed the effect of CoCrMo and
PMMA particles on cell proliferation, gene expression, and
particle phagocytosis by articular chondrocytes. Our results
demonstrate that chondrocytes phagocytose both materials,
inducing inhibited cellular proliferation, and a material-
dependent extracellular matrix, pro-inflammatory cytokine,
protease, and apoptosis gene expression profile. Further-
more, our data indicates that CoCrMo particles have a more
detrimental effect on chondrocyte proliferation compared to
PMMA particles, and that CoCrMo particles induce an
acute overexpression of numerous genes.

The ability of chondrocytes to phagocytose latex parti-
cles and cartilage debris was first established by Castillo,
et al. [39]. Subsequent studies by Chang, et al. [29] and
Park, et al. [32] have shown that chondrocytes are also
capable of engulfing UHMWPE particulate, which result in
increased expression of pro-inflammatory cytokines and
mediators, as well as alterations in cell viability. While
UHMWPE is the primary sacrificial bearing in UKA sys-
tems, there also exists the potential for the mechanical or
electrochemical generation of particulate from the CoCrMo
condylar component, as well as debris from the PMMA

Fig. 2 Gene expression profiles of nHACs treated with PMMA or CoCrMo, calculated as Fold Change over Control cells at day 3 (a) and day 10
(b). nHACs exhibited both a time- and material-dependent response. Expression of control cells is indicated by a solid vertical line at 1
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cement mantle used for fixation of the tibial and/or condylar
component. In the present study, flow cytometric analyses
confirmed the ability of chondrocytes to phagocytose both
CoCrMo and PMMA debris. Further, CoCrMo particles
were more readily phagocytosed by the chondrocytes,
especially at the Day 3 time point, as evidenced by a sig-
nificant difference in the particle ingestion index. Con-
sidering the similarity in size and shape of CoCrMo and
PMMA debris used in this study, it is hypothesized that
differences in surface phenomena, such as protein adsorp-
tion, may contribute to the differential uptake observed.
Elfick, et al. demonstrated that macrophages responded to
polyethylene wear debris as a function of proteins adsorbed
to the particle surface, which is related to the zeta potential
of the particle–fluid system [40].

Phagocytosis of the particulate debris by chondrocytes
led to significant decreases in chondrocyte proliferation at
both 6 and 10 days, again with CoCrMo yielding the largest
effect. A significant increase in mRNA-level expression of

CASP3 and CASP9 at the 3-day time point for cells
exposed to CoCrMo suggests an apoptotic mechanism for
the decreased cell proliferation. Cells exposed to PMMA
particulate displayed decreased mRNA expression of
CASP3 and CASP9 at the 3-day time point, and expression
returned to baseline at the 10-day time point for both
PMMA- and CoCrMo-exposed cells. In addition to playing
a prominent role in osteoarthritis pathology, Park, et al.
showed that intraarticular injection of UHMWPE particles
led to chondrocyte death in a dose-dependent manner.
Results from our in vitro study would indicate a similar
effect of CoCrMo and PMMA debris, though confirmatory
in vivo studies should be undertaken to confirm this
hypothesis.

Wear debris exposure is also well-documented to induce
the expression of pro-inflammatory cytokines, inflammatory
mediators, and proteases, which are implicated in the
development and progression of wear-induced peripros-
thetic osteolysis in joint replacement [41]. Park, et al. found

Fig. 3 Representative images of nHACs with both light microscopy and scanning electron microscopy demonstrating cell-particle contact exposed
to CoCrMo (a c) and PMMA (b d) particles, respectively. Arrows indicate particles in contact with cells
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that primary human chondrocytes exposed to UHMWPE
debris expressed IL-1□, IL-6, TNF-□, PGE2 and NO in a
dose-dependent fashion. Chang, et al. also showed that
exposure of chondrocytes to UHMWPE led to increases in
PGE2 and NO synthesis. Similarly, we demonstrated that
in vitro exposure of nHACs to CoCrMo and PMMA wear
debris led to significant material-dependent alterations in
the mRNA-level expression of IL-1β, TNFa, and MMP-3 at
the Day 3 time point, with CoCrMo-exposed cells expres-
sing higher levels compared to control cells and PMMA-
exposed cells expressing lower levels. By the 10 day time
point, gene expression had largely returned to baseline.
Aside from MMP13, PMMA debris did not elicit a sub-
stantive increase over baseline gene expression, which is
similar to a finding by Lohmann et al. demonstrating limited
reaction of MG63 cells to PMMA [42].

Exposure of chondrocytes to CoCrMo and PMMA debris
also resulted in alterations in mRNA-level expression of
extracellular matrix genes at the early time point. CoCrMo
exposure led to increased expression of Col1a1, Col10a1,
ACAN, and VCAN, while PMMA exposure resulted in
decreased Col1a1, Col2a1, ACAN, and VCAN expression.
Park et al. demonstrated that intraarticular administration of
UHMWPE particulate led to worse OARSI-modified
Mankin scores, particularly when osteoarthritic pathology
was surgically induced. They observed matrix loss and
extensive disruption of the superficial layer of articular
cartilage, hypocellularity, and collagen disorganization in
osteoarthritic animals exposed to high-dose UHMWPE
particulate. While an in vivo study was not performed,
results from our in vitro study suggest that both CoCrMo
and PMMA particulate may lead to disruption of articular
cartilage matrix metabolism.

This investigation had several limitations. Chondrocytes
have been shown to de-differentiate in long-term 2D cul-
tures. These effects were mitigated by normalizing all
results to control wells and selecting short-term endpoints
for analysis. Additionally, our study only investigated one
concentration, varying particle:cell concentrations may
yield differing results. Future studies are currently under-
way investigating wear particulate debris interactions in a
novel three-dimensional culture system which has been
shown to limit de-differentiation in culture. Furthermore,
additional investigations may look at varying particle con-
centrations. Due to the limited number of genes examined, a
potential selection bias may also have played a role in our
results. However, this effect was minimized by selecting
genes that have been documented to play a role in cartilage
degeneration pathways and comparing results to a docu-
mented control gene.

5 Conclusion

In conclusion, this study demonstrates the material-
dependent and time-dependent response of articular chon-
drocytes to wear debris from PMMA and CoCrMo, two
common materials found in UKA devices that have not been
investigated previously. We found that both materials inhibit
cellular proliferation, with the greatest reduction in pro-
liferation observed in cells exposed to CoCrMo. A differ-
ential gene expression response was observed between the
two materials at our Day 3 time point, with CoCrMo indu-
cing a greater expression of inflammatory mediators, cata-
bolic proteases, and markers of apoptosis. Lastly, flow
cytometric analysis demonstrated an increase in chondrocyte

Fig. 4 Phagocytosis index a and
particle ingestion index b of
CoCrMo and PMMA exposed
nHACs at both Day 3 and Day
10 time points. A significant
increase in both measurements
were found between Day 3 and
Day 10 for nHACs exposed to
PMMA particles
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granularity, indicative of endocytosed particles within the
cells. This study suggests the potential role of wear debris in
biologic degeneration of articular cartilage in a compartment
adjacent to UKA, and future studies are required to elucidate
the biological interaction between chondrocytes and wear
debris.
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