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Abstract: An in vitro method to gauge metabolic heat re-
sponse of macrophages (M) to particulates is described.
Whereas the majority of work cited relies on chemical analy-
sis to assess M response to particles, we have used isother-
mal microcalorimetry (IMC) for direct continuous measure-
ment of metabolic heat production to gauge the response.
IMC is a screening method, in that it ensures that no energy-
consuming phagocytic response goes undetected, and that
the aggregate metabolic magnitude of the responses is de-
termined. A four-well IMC was used in all microcalorimetric
measurements. To accommodate “zero-time” monitoring of
the interaction of particles and cells, a set of identical test
chambers was constructed for use in the IMC. MUs were
injected from outside the IMC onto particles contained in
collagen or gelatin on glass coverslips at the bottom of each

chamber. IMC runs were performed using Ms only, MQs
and lipopolysaccharide (LPS) positive control, and Ms and
clean or LPS-bound particles of either high-density polyeth-
ylene (HDPE) or cobalt—chrome alloy (CoCr). Total heat pro-
duced by the negative controls (MJs alone) was lower than
for M@ exposure to LPS or particles. The trend was a higher
response for LPS-bound HDPE compared with clean HDPE
particles, though not significant. In conclusion, our results
have shown that IMC can be used to detect the heat associ-
ated with the phagocytosis of particulate materials by M@s
in vitro. © 2001 John Wiley & Sons, Inc. ] Biomed Mater Res
59: 166-175, 2002
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INTRODUCTION

Aseptic loosening in total arthroplasty is a serious
problem, accounting for approximately 75% of revi-
sion procedures."” Much research has focused on un-
derstanding the underlying causes of osteolytic bone
loss. One mechanism for osteolysis (Fig. 1) appears to
involve an inflammatory response to micron and sub-
micron particulate debris shed from the metal and
polymer surfaces of the total joint implant.> '

Results from Swedish work>'* with dialysis mem-
branes, zymosan particles and granulocytes, and the
cited studies stimulated us to think that IMC might be
adapted to study the metabolic response of macro-
phages (MOs) to orthopedic implant wear particles. If
an isothermal microcalorimetry (IMC) technique
could be developed, it might serve as an in vitro
screening tool for studying the response of MUs to
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various particle variables (e.g., type, size, morphol-
ogy) and for related studies of biologic variables. M@
responses can, of course, be evaluated periodically
from amounts of cytokines synthesized (PCR) and/or
secreted (ELISA), but assay choices must be made. For
screening, we believe that continuously measuring the
overall metabolic response has merit.

The main objective of this study was to develop and
demonstrate a new method for studying cellular in-
teractions with particulate debris derived from ortho-
pedic implant materials. In addition to the proof of
concept aspect of the work, we also intended to deter-
mine the relative M@ inflammatory response to two
types of particles, with and without bound lipopoly-
saccharide (LPS) bacterial debris. Recent reports from
the literature and work underway in our laboratories
suggest that the presence of LPS adsorbed to the sur-
face of particles may exacerbate the inflammatory re-
sponse of macrophages and other phagocytic cells.”'®

MATERIALS AND METHODS

Cells and cell culture conditions

A transformed mouse peritoneal MO cell line (IC-21, TIB-
186; ATCC, Rockville, MD) was selected because it is well
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Figure 1. Schematic diagram depicting the role of the M@ in osteolysis, the cytokine signaling involved, and the positive
feedback cycle that ultimately results in aseptic loosening of the total joint components.

characterized and readily available. These phagocytic MJs
are capable of secreting cytokines and lysosomal enzymes,
and do not require the special isolation and purification pro-
cedures required of primary cultures."”

An important consideration in choosing peritoneal MJs
for the IMC experiments was the ability of these cells to
function in a low O, environment.'®'® Also, the IC-21 M@
cell line has been used by others®*° to study the cellular
response to particles relating to osteolysis and aseptic loos-
ening of total joint components.

Ms were maintained in polystyrene tissue culture flasks
(CoStar, Cambridge, MA) in RPMI-1640 medium (Gibco
BRL, Grand Island, NY) supplemented with 5% fetal bovine
serum (Sigma, St. Louis, MO), 1% gentamicin (Gibco BRL),
and 2 mM L-glutamine (Sigma), at 37°C in a 5% CO, atmo-
sphere with 100% humidity.

Immediately before each IMC experiment, MJs were col-
lected by incubation with calcium and magnesium-free
phosphate buffered saline, centrifuged for 5 min at 190g, and
resuspended in fully supplemented medium. M@ cell count
estimates were performed with a SPotlite™ hemacytometer
(American Scientific Products, McGaw Park, IL).

Implant material particles

Micron-sized particles of two different orthopedic implant
materials—high-density polyethylene (HDPE) and cobalt-
chrome alloy (CoCr)—were used in these studies (Smith &
Nephew Orthopaedics, Memphis, TN). We used HDPE
rather than ultrahigh molecular weight polyethylene
(UHMWPE) particles because well-characterized, micron-
range-sized HDPE particles were readily available. Al-
though UHMWPE is more commonly used, HDPE is also
used clinically in joint replacements and, indeed, some of the
best long-term clinical wear resistance results reported®'
have been for radiation crosslinked HDPE. It is possible that

HDPE and UHMWPE may differ in the nature of their ad-
sorption of biologic substances (e.g., endotoxin) to the sur-
face. It does not seem likely that the difference will be gross
(except possibly for formulations with additives such as
stearates). However, surface atomic structure and resultant
adsorption affinities may be somewhat different because
UHMWEPE has inherently lower crystallinity and density
than HDPE. The CoCr particles used in this study were pro-
duced in total joint wear simulators.

The sources and size properties of the particles used are
provided in Table I. As shown, the particles were a few
microns in diameter and similar in mean size and distribu-
tion. Particles in this range may be taken up by MJs, and are
reported as typical for clinically retrieved total hip wear
debris.?>>*

Particle-coated glass coverslip preparation

Coverslips (Fisher Scientific, Pittsburgh, PA) were coated
with either 200 L of 0.4% type I collagen (BI, from bovine
skin; a gift from the Department of Rheumatology, Univer-
sity of Tennessee, Memphis, TN) or 50 uL of 10% gelatin
(GEL, type B from bovine skin; Sigma). BI or GEL entrap-
ment of particles is necessary with HDPE to prevent them
from floating, and also serves to evenly disperse the rela-
tively heavy metal particles across the coverslip.

At the outset of this work, MJ-particle experiments were
performed using the 0.4% BI substrate, as per the method
described in a recent publication by Voronov et al.’ As part
of our IMC method development, and because BI readily
degrades from its native state especially at 37°C, 10% gelatin
was tested as an alternative for suspending particles for M
phagocytosis.

HDPE and CoCr particles, with and without adsorbed
LPS, were suspended in the BI and GEL solutions such that,
in the subsequent experiments, the coated volume resulted
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TABLE I
Summary Information for HDPE and CoCr Particles Used in IMC Experiments
Measured Estimated?® Estimated®
Diameter, No. of Surface
Density* Mean + SD Particles Area
Particle Type Industry Source (g/cm?) (pm) per Gram per Gram
High-density Shamrock Technologies, 0.955 473 +2.11 1.89 x 10'° 13.3 + 10°
polyethylene Newark, NJ
(HDPE)
Cobalt-chrome Smith & Nephew Orthopaedics, 7.70 249 £145 1.62 x 10'° 3.2 x 10°
alloy Memphis, TN
(ASTM F-75)
(CoCr)

“Density values for materials referenced from the literature.

PComputations to estimate number of particles and surface area per gram assumed that particles were spheres, and were
made using the above literature-referenced densities and measured mean particle diameters (reported by the sources pro-

viding the particles).

in a cell-to-particle ratio of approximately 1:1. LPS binding
to cleaned HDPE or CoCr particles was performed in filter
units (Ultrafree-MC Centrifugal Filters with a 0.22-um Du-
rapore® membrane; Millipore Corp., Bedford, MA), and is
described in detail elsewhere.?

Coverslips coated with BI or GEL alone were used
as negative controls in the IMC experiments. LPS from
Escherichia coli (Sigma) was added at a concentration of
0.78 pg/mL directly to the cells, and was used in positive
control experiments.

All coverslips were prepared the night before IMC experi-
ments and allowed to dry under a laminar flow hood with
the ultraviolet light on to sterilize the coated coverslips. To
begin an experiment, a coated coverslip was placed in the
bottom of each experimental chamber, and 1.5 mL of RPMI
medium was added. The chambers (described below) were
then inserted into the IMC.

Microcalorimeter/chamber design

A four-well isothermal microcalorimeter (model 4400
IMC; Calorimetry Sciences Corp., Provo, UT) was used
throughout the IMC experiments, which were performed at
37°C.

Special IMC test chambers were developed for the M@-
particle experiments in collaboration with Calorimetry Sci-
ences Corporation. To minimize heat effects due to extrane-
ous degradation or corrosion reactions, the cylindrical IMC
chambers (75-mm height x 30-mm diameter) were con-
structed from Hastalloy™ metal alloy. Each chamber had a
Hastalloy screw-on cover with an attached stainless steel
external access tube. Thermal shunts were mounted along
the length of the access tube. The access tube was fitted
internally with 18-gauge polyethylene tubing, which was
attached to a 5-mL syringe. This design allowed eventual
injection of MUs in a small volume of medium via the sy-
ringe-PE tubing combination, after the metal chamber con-
taining the coverslip and entrapped particles was thermally
stabilized in the IMC.

IMC experimental method

In preparation for IMC experiments, the inside of each
chamber was wiped clean with 90% ethyl alcohol, and then

rinsed several times with phosphate buffered saline. Clean
chambers were wrapped in aluminum foil and autoclave
sterilized. Final assembly of IMC chambers (including inser-
tion of the particle-coated coverslip) was performed in a
laminar flow hood.

Thermal stabilization of the assembled chambers was per-
formed in two steps. First, chambers were placed in an in-
cubator oven at 37°C for approximately 30 min. Then, cham-
bers were quickly transferred to the IMC where further sta-
bilization was achieved by suspending the chambers just
above the measurement level of the IMC well. After drop-
ping chambers into the measurement position of the well,
another 5 to 10 h was required before steady-state heat flow
rate data were obtained.

After sterilization, sterile syringes attached to 18-gauge
sterile tubing were used to deliver approximately 1.25 mil-
lion MUs suspended in 1 mL of 5% RPMI medium into each
IMC chamber. Heat flow rate data were then taken over the
next 25 h. At the end of each IMC experiment, supernatants
were retained for cytokine analysis and glass coverslips con-
taining cells and particles were examined for changes in
morphology and extent of phagocytosis. Commercially
available ELISA kits (R&D Systems, Minneapolis, MN) were
used to analyze supernatants for interleukin (IL)-1B, IL-6,
and tumor necrosis factor (TNF)-a released by the mouse
MOs.

Statistical analysis

The two-tailed student ¢ test was used to determine the
effect of M@ concentration, adding LPS (positive control),
and incubating with clean and LPS-bound particles on meta-
bolic heat production.

EXPERIMENTAL RESULTS

Cell concentration experiments

For the cell concentrations examined (100 k, 500 k,
and 1000 k per mL), and for each adhesion substrate
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(BI and GEL), the relationship with heat flow rate was
linear to a first approximation. This linear relationship
was maintained throughout the duration of the IMC
experiment (24 h). Figure 2 summarizes the M heat
flow rate data from repeated Bl and GEL experiments
at the three cell concentrations. The cell concentration
experiments were all performed with MJs harvested
from flasks that had been initially subcultured from
the same flask of confluent Ms.

Based on these initial results, it was decided that
1.25 million cells in 2.5 mL (500 k per mL) of culture
media would be an appropriate concentration for sub-
sequent particle experiments.

Negative and positive control experiments

Figure 3 shows typical IMC heat flow rate record-
ings from blank injection (RPMI medium), negative
control (RPMI + Ms), and positive control experi-
ments (RPMI + MOs + LPS). Thermal stability of the
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Figure 2. Summary of heat flow rate data for IMC experi-
ments: MJs-only negative controls at different concentra-
tions on BI- and GEL-coated coverslips.
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Figure 3. Representative heat flow recordings for MJs on
BI: (solid line) simulation experiment (no MWs added), (dot-
ted line) “cells only” negative control, and (dashed line) with
0.78 pg/mL LPS positive control.

IMC chambers was achieved approximately 3 to 5 h
after delivering 1 mL of suspended Ms. The blank
injection experiment results demonstrate that, al-
though a slight 5 to 10 wW transient heat effect does
occur over the first 3 to 5 h because of opening the
chambers to deliver cells, subsequent heat flow data
return to the baseline.

In the M@-only negative controls, the heat flow
rates increased over the first 3 to 5 h (after MJs were
added), and then gradually decreased with time
through the end of the experiment. A summary bar
graph (see Fig. 4) shows heat flow rate data from re-
peated BI and GEL experiments, using MJs from
flasks that had been initially subcultured from the
same confluent flask. The mean heat flow rates at each
time point are similar for the two adhesion substrates,
with the standard deviations slightly higher for the
Bl-coated coverslips. At 20 h after MJs were added to
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Figure 4. Summary of heat flow rate data for IMC experi-
ments: Ms-only negative controls on BI- and GEL-coated
coverslips.
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the IMC chambers, the heat flow rate measured for
cells on GEL was 17.9 + 3.3 wW, whereas the corre-
sponding value for cells on Bl was 17.2 + 6.4 uW. In
subsequent IMC experiments, to account for the vari-
ability in actual numbers of MJs present and overall
condition of cells harvested from culture, a cells-only
negative control was included as one of the three tests
performed during each IMC experiment.

The metabolic response of MJs to the LPS positive
control remained relatively constant with time for
both substrates (see Fig. 5). At 20 h, the heat flow rate
measured for the GEL positive control was 42.8 + 5.9
wW (approximately 13 wW more exothermic than the
respective 20-h negative control value), whereas the
corresponding BI positive control value was 38.4 +
12.5 wW (approximately 20 pW more exothermic than
the 20-h negative control value). Statistically signifi-
cant differences (p < 0.05) were obtained between the
negative and LPS positive control heat flow values at
each time point for the GEL-coated slips. The differ-
ence in the positive control data for Bl-coated slips
was less apparent (p < 0.15) because of a larger stan-
dard deviation for each time point.
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Figure 5. Summary of heat flow rate data for IMC experi-
ments: MJs + 0.78 ug/mL LPS in solution on BI- and GEL-
coated coverslips.
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CoCr particle experiments

Heat flow rate recordings obtained for MJs +
cleaned and LPS-bound CoCr alloy particles in BI
were found to reach a virtual steady state after a few
hours, as demonstrated in the representative curves
(for GEL substrate only) shown in Figure 6. The cor-
responding IMC experiments performed with GEL re-
sulted in curves that exhibited a slight decrease in heat
flow rate over time for both types of particles.

The results for BI and GEL CoCr particle experi-
ments are summarized in Figure 7. The presence of
CoCr particles in Bl or GEL increased the heat flow
rate with respect to the baseline negative control value
by 15 to 20 pW, a difference that was significant at
each time point (p < 0.05). At 20 h, the heat flow rate
measured for MJs + clean and LPS-bound CoCr in
GEL was 24.7 + 4.3 and 28.1 + 5.7 uW, respectively; for
clean and LPS-bound CoCr in BI, the heat flow rate
was 47.7 = 8.3 and 46.0 = 9.7 uW, respectively. There
was no statistical difference in MO response to the
ethanol-cleaned versus LPS-bound CoCr particles for
either substrate.

HDPE particle experiments

Typical heat flow recordings for the HDPE particle
experiments (shown for GEL substrate only) are
shown in Figure 8. As in the case of the CoCr curves,
the HDPE recordings exhibit a virtually steady-state
heat response after the first few hours.

Once again, the difference between the HDPE par-
ticle-exposed cells and the cell-only negative controls
proved to be statistically significant (p < 0.05). The
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Figure 6. Representative heat flow recordings for MJs on
GEL: (solid line) “cells only” negative control, and with sus-
pended (dashed line) clean CoCr, and (dotted line) LPS-
bound CoCr particles.
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Figure 7. Summary of heat flow rate data for IMC experi-
ments: MJs + clean and LPS-bound CoCr particles on BI-
and GEL-coated coverslips.

difference between MO response to clean and LPS-
bound HDPE particles, although not significant, does
suggest a trend (p < 0.15) toward an increased re-
sponse for LPS-bound particles at each time point (see
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Figure 8. Representative heat flow recordings for MJs on
GEL: (solid line) “cells only” negative control, and sus-
pended (dotted line) clean HDPE, and (dashed line) LPS-
bound HDPE particles.

Fig. 9). At 20 h, the heat flow rate measured for MUs
exposed to clean and LPS-bound HDPE in GEL was
39.6 + 15.7 pW and 43.0 = 14.2 uW, respectively; for
clean and LPS-bound HDPE in BI, the heat flow rate
was 41.5 £ 12.1 pW and 46.2 + 17.3 uW, respectively.

Cytokine analysis

Cytokine secretion data are summarized in Figure
10. The levels of TNF-a and IL-6 measured in medium
for the LPS (positive control) and the implant particle
exposures were significantly higher (p < 0.05) com-
pared with the M@J-only negative control after 24 h.
Differences between clean and LPS-bound particles of
CoCr suspended in Bl and GEL were also significant
for TNF-a and IL-6. For HDPE particles, only TNF-a
for the Bl-coated coverslips was significantly different.
IL-1B levels were not significantly different between
any of the particle-exposed cells and the controls.

DISCUSSION

The purpose of this study was to develop and assess
IMC as a new method to study macrophage response
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Figure 9. Summary of heat flow rate data for IMC experi-
ments: M@s + clean and LPS-bound HDPE particles on BI-
and GEL-coated coverslips.
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Figure 10. Summary of macrophage TNFa, IL-6, and IL-13
secretion in response to LPS and particulate stimuli for both
BI and GEL substrates.

to particulate debris from orthopedic implant materi-
als in vitro. Because metabolic heat is produced in all
cellular biochemical processes, IMC measurement of
exothermic heat flow rate is a general technique for
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studying the overall magnitude of metabolic re-
sponse.’** A general method, such as IMC, is also par-
ticularly well suited to the detection of unknown cell
metabolic phenomena.>>™* In the present study, signifi-
cant heat flow rate differences were demonstrated for
M@s cultured with endotoxin or particulates compared
with cells cultured without artificial stimuli.

At the cell concentrations investigated, and for the
amount of medium and headspace maintained in the
IMC test chamber, the amount of oxygen available to
the cells would not have been appreciably depleted,
and the Ms used can function in a low oxygen en-
vironment. Heat flow rate values for MUs cultured in
monolayers on BI- or GEL-coated coverslips was
shown to depend on cell concentration. A linear in-
crease in heat production with cell concentration was
observed for both adhesion substrates over the con-
centration range studied.

The magnitude of heat output of cells is highly de-
pendent on the initial and relative flux of glucose via
metabolic pathways (i.e., anaerobic and hexose mono-
phosphate shunt).'* Assuming that most of the oxygen
present is used to oxidize glucose to form CO, + H,O
(in the M@s), an estimate of the rate of metabolic heat
production can be made. Thoren et al.** used the pre-
viously determined value for the mean basal respira-
tory rate of rabbit alveolar M@s and known enthalpy
for the oxidation of glucose to estimate total heat out-
put per MJ (18.1 pW). The results of Thoren et al.
further proved that alveolar MJs become more peri-
toneal-like when cultured under O,-limited condi-
tions, and especially when supplemented with serum.
Table II shows a summary of the results from selected
studies from the literature in which microcalorimetry
was used to determine cellular heat production. Our
mean heat production measured for MOs cultured on
BI- and GEL-coated coverslips 20 h after cells were
added to the IMC chamber was 20.6 + 10.1 and 16.2 +
3.1 pW/cell, respectively. These values compare well
with the previously cited heat flux values reported by
Thoren et al.’* for monolayer cultured alveolar M@s
(18.1 pW/cell).

A gradual decline in the heat output of cells cul-
tured on both substrates without endotoxin or par-
ticles was observed. There was no statistical difference
between heat output for cells cultured on BI versus
GEL. However, variability in heat flow rate values for
M@s cultured on the Bl-coated coverslips was higher.
This may be due to a response to the degradation
products of Bl and/or to degradation of the BI sub-
strate itself.

The typical response for MJs exposed to 0.78 pg/
mL LPS alone (no particles) was a rapid initial increase
in heat output, followed by steady-state heat produc-
tion through the end of the IMC experiment. This be-
havior is presumably because LPS is mixed with the
M@s before injection into the IMC, and thus is imme-
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TABLE II
Heat Production Rate (pW per Cell) Measured for Different Cell Types Referenced from the Literature
Heat Rate,
Calorimetric Suspended or Mean + SD
Reference Technique Cell Line Monolayer (pW/cell)
Hoffner et al., 1985 Flow microcalorimeter 1929 mouse fibroblast Suspended 34+3
Valdermarrson et al., 1990° IMC Human lymphocytes Suspended 231+0.12
Nassberger et al., 1986 IMC Rat hepatocytes Monolayers 327 +13
Ikomi-Kumm et al., 1991 MC Human granulocytes Suspended 1.47 +0.31
Thoren et al., 1990* MC Rabbit alveolar macrophages Monolayers with serum 27.0£2.0
Monolayers without serum ~ 19.0 + 3.2

diately accessible to the cells. In contrast, the MUs
must “seek out” particles embedded in the BI or GEL
substrates over time.

The heat response of MUs to particles with LPS
bound to the surface versus ethanol-cleaned particles
was not statistically significant in the data presented
herein. In addition, irrespective of whether the par-
ticles were cleaned or bound with endotoxin, the
metabolic heat response of MJs to GEL-suspended
particles was generally slightly lower than the re-
sponse to particles in Bl. This may be explained by
subtle differences in each substrate’s ability to sus-
pend particles. In GEL, most of the CoCr particles
sank through the GEL to rest on the coverslip. Al-
though no significant difference due to LPS binding
exists in the CoCr particle treatments, there appears to
be a trend in the HDPE particle data that suggests
differences between M@ response to clean and LPS-
bound particles. Also, HDPE particles did appear to
be less clumped and better distributed throughout the
GEL than in the BI coatings, and this may have in-
creased chances for exposure of MJs to bound LPS.

Evidence of particle phagocytosis is demonstrated
by the light and confocal microscope images shown
(for CoCr particles) in Figure 11. Light microscopy
showed that the MJs were highly associated with
particulate debris after the 24-h IMC runs. The confo-
cal images (z-series) were obtained to demonstrate
that, in fact, particles were internalized by the cells
and not merely attached to the surface. No significant
difference in cell morphology or proliferation was ob-
served for MUs exposed to clean or LPS-bound par-
ticles.

One of the major drawbacks of the present work is
the limited number of replicate runs. This is a conse-
quence of the small number of test wells in current
IMC designs. This limitation on the speed with which
replicate runs for a given set of variables can be made
is particularly important given the inherent variability
of cells in culture

CONCLUSION

Isothermal microcalorimetry is sufficiently sensitive
to detect the heat of phagocytosis associated with the

Figure 11.
IC-21 M@s phagocytosing CoCr particles on GEL-coated
coverslips (after 24-h IMC experiment).

(a) Light and (b) confocal microscope images of
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interaction of a macrophage cell line and particulates
similar to wear debris from total hip prostheses sur-
faces.

Using a chamber and technique developed for this
purpose in the course of these studies, IMC experi-
ments showed significant heat flow rate differences
for macrophages cultured with endotoxin (LPS posi-
tive control) or micron-sized particles (CoCr and
HDPE) compared with cells cultured without such
stimuli. Although statistical differences in CoCr par-
ticle treatments were not detected, there appeared to
be a trend in the HDPE particle data that suggests
differences between M@ response to clean and LPS-
bound particles. Also, a statistical difference was not
observed for MJs cultured with HDPE particles ver-
sus Ms cultured with CoCr particles.
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