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Abstract

Background Numerous studies indicate highly cross-
linked polyethylenes reduce the wear debris volume
generated by hip arthroplasty acetabular liners. This, in
turns, requires new methods to isolate and characterize
them.

Questions/purposes We describe a method for extracting
polyethylene wear particles from bovine serum typically
used in wear tests and for characterizing their size, distri-
bution, and morphology.
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Methods Serum proteins were completely digested using
an optimized enzymatic digestion method that prevented the
loss of the smallest particles and minimized their clumping.
Density-gradient ultracentrifugation was designed to
remove contaminants and recover the particles without
filtration, depositing them directly onto a silicon wafer. This
provided uniform distribution of the particles and high
contrast against the background, facilitating accurate,
automated, morphometric image analysis. The accuracy and
precision of the new protocol were assessed by recovering
and characterizing particles from wear tests of three types
of polyethylene acetabular cups (no crosslinking and
5 Mrads and 7.5 Mrads of gamma irradiation crosslinking).
Results The new method demonstrated important differ-
ences in the particle size distributions and morphologic
parameters among the three types of polyethylene that
could not be detected using prior isolation methods.
Conclusion The new protocol overcomes a number of
limitations, such as loss of nanometer-sized particles and
artifactual clumping, among others.

Clinical Relevance The analysis of polyethylene wear
particles produced in joint simulator wear tests of pros-
thetic joints is a key tool to identify the wear mechanisms
that produce the particles and predict and evaluate their
effects on periprosthetic tissues.

Introduction

Wear particles are recognized as one of the major causes of
osteolysis leading to failure in total joint arthroplasties.
With the introduction of highly wear-resistant crosslinked
ultrahigh-molecular-weight polyethylene (UHMWPE), the
overall volume of wear debris in THA has decreased
compared to conventional polyethylene (PE) from more
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than 15 mm>/million cycles to less than 1 mm?*/million
cycles, particularly in THAs [9, 37]. The reduction in
overall PE wear rates has resulted in an associated and
substantial reduction in the rates of osteolysis, with several
clinical studies reporting no incidence at 5 to nearly
10 years’ followup [10, 13, 19, 20, 27, 32, 39]. Further-
more, wear particles of specific shapes, such as fibrils or
needles, that elicit higher cellular reaction [14, 15, 49] have
been minimized.

The average size of crosslinked PE is reported to be
smaller than conventional PE [40, 47]. Combined with the
reduced volume, this poses new challenges in purification,
isolation, and characterization of nanometer-sized particles
because even a small loss of particles through the digestion
process or overestimation of size due to artifactual
clumping can greatly skew the size distribution and mor-
phologic analysis.

This may explain why models developed for conven-
tional UHMWPE to evaluate the biologic response to
particles have predicted higher osteolytic potential for
crosslinked PEs [16, 26] rather than the lower potential
actually observed. To date, methods developed to assess the
biologic reactivity to wear debris have considered the sizes,
compositions, and surface areas of the particles [22, 30, 33,
44, 45]. However, a careful reevaluation of the biologic
activity for crosslinked PE should take into account the
overall volume in addition to the particle size, composition,
and area and should be based on a highly precise method for
obtaining purified and well-characterized PE particles.

Images obtained with previous protocols showed
clumping of particles and extensive residue and contami-
nants, suggesting incomplete digestion and inadequate
separation of particles. As a result, image analysis and
characterization of the particles were difficult if not
impossible. Additionally, the amount of wear found in joint
simulator wear tests of crosslinked PE did not correspond
to the number of particles observed, suggesting possible
particle loss during the isolation process.

Our research center has been previously instrumental in
the development of techniques to isolate and characterize
PE particles from metal-on-polyethylene THAs [6, 7, 35,
43]. Expanding on this earlier experience, we have now
developed a novel protocol to meet the demands of ana-
lyzing newer crosslinked PE particles including enhanced
particle separation, purification, and particle display. This
protocol produces minimal artifactual clumping; better
image contrast; and more sensitive, more reproducible, and
more accurate size distribution and morphometric analysis
of highly purified authentic wear particles. We describe our
approach and our efforts to validate our protocol with
control particles having the same size and shape distribu-
tion as the in vitro samples.
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Materials and Methods

An overview of the experimental procedure is outlined
(Fig. 1). Wear particles were extracted from serum lubri-
cant using an optimized enzymatic digestion protocol. This
was followed by an innovative display on a silicon wafer
and subsequent morphometric analysis, coupled with a
novel algorithm to automatically classify the particles by
shape and size.

To evaluate the utility and sensitivity of the optimized
protocol, we isolated and characterized the particles gen-
erated in hip simulator tests of three types of PE (Table 1),
ie, noncrosslinked and 5-Mrad and 7.5-Mrad crosslinked.
These PEs were included because the effect of crosslinking
on the size and morphology of the particles was examined
in several prior studies with varying results [1, 4, 12, 41,
42]. Two types of crosslinked PE were included to dem-
onstrate the ability of the protocol to detect subtle
differences between the two materials.

We performed wear testing using a hip simulator (Shore
Western Manufacturing Inc, Monrovia, CA, USA) under a
double-peaked load profile (maximum, 2000 N) [34]. The
lubricant was 90% filtered bovine serum (HyClone, Logan,
UT) treated with ethylenediaminetetraacetic acid (EDTA)
and sodium azide (NaN3z) to a final concentration of
20 mmol/L and 0.2% w/v, respectively. EDTA was added
to minimize precipitation of calcium phosphate onto the
bearing surface [29] and NaN; was used to eliminate bac-
terial contamination and lubricant degradation.

Three samples of serum lubricant were obtained after
1.25 million wear cycles from each of three simulator test
stations for the three types of PE. We processed samples
from each test station and PE type using two digestion-
isolation protocols (Fig. 1). Each sample was analyzed in
triplicate for a total of 54 samples. Before processing, we
rotated the nine lubricant samples end-over-end at 28 rpm
for 48 hours at room temperature to evenly suspend the
particles in the lubricant.

The first protocol, originally developed at our research
center in the 1990s [8], has been widely used [24, 31, 46,
48] and is hereinafter referred to as the NaOH protocol.
Briefly, samples were digested with 5 N NaOH, layered
above a sucrose density gradient, and submitted to ultra-
centrifugation, and the floating particles were collected on
a polycarbonate (PC) filter membrane (0.01 pm) for
analysis via a field emission scanning electron microscope
(FE-SEM) (Supra VP-40; Zeiss, Peabody, MA, USA).
The second protocol, introduced in this study, is herein-
after referred to as the silicon wafer display (SWD)
protocol, since the particles are collected on a 5- x 5-mm
featureless display silicon wafer (Ted Pella, Inc, Redding,
CA, USA), without filtration. The protocol consisted of a
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Fig. 1 A flowchart shows an outline of
the experiment.
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series of optimized steps (Fig. 2) (Appendix 1; supple-
mental materials are available with the online version of
CORR).

Digestion of lubricant proteins with proteinase K in the
presence of urea and calcium was chosen because dena-
turation of proteins due to urea-dependent cleavage of
hydrogen bonds leads to more complete proteolytic
digestion [23] without the complications of detergents.
Inclusion of calcium during digestion partially protected
the proteinase K from autodigestion in urea [2]. After
digestion, calcium was chelated with excess EDTA to
reverse any divalent cation-dependent peptide linkages,
and disulfide bonds were broken with tris(2-carboxy-
ethyl)phosphine; both steps led to the smallest possible
peptide digestion products.

We obtained purification of the particles in a three-step
ultracentrifugation process (Fig. 2, purification). The ratio-
nale behind each step is reported in Appendix 1. Briefly, in
Step 1, particles were concentrated into a detergent (sodium
lauroyl sarcosine [SLS])/urea layer to solubilize lipid and
disperse particles without aggregation. In Step 2, the particles
entered a continuous isopropyl alcohol (IPA) gradient that
stripped SLS from them. Step 3 concentrated the particles at
the sharp 10%:50% IPA interface and further separated the
particles from residual detergent.

For counting and morphometric analysis, PE particles
were diluted in water and floated onto an inverted, silicon
wafer coated with marine mussel glue (Cell-Tak™; BD
Biosciences, San Jose, CA, USA) (details in Appendix 1)
by centrifugation (Fig. 2, isolation). This technique was
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intended to minimize aggregation of PE particles, which
moved parallel to the centrifugal force and to the tube
walls, thus evenly depositing them on the surface of the
wafer (Fig. 3).

Table 1. Types of polyethylene used to generate wear debris

Type of Processing
polyethylene
Noncrosslinked GUR 1050 extruded rod
Machined into cups
Sterilized with gas plasma
Crosslinked GUR 1050 extruded rod
at 5 Mrads  Crogslinked with 5 Mrads gamma radiation
Remelted at 155°C for 24 hours to extinguish
residual free radicals, annealed at 120°C for
24 hours (both processes under partial vacuum),
and then slowly cooled to room temperature
Machined into cups
Sterilized with gas plasma
Crosslinked GUR 1020 extruded rod
at 7.5 Mrads

Crosslinked with 7.5 Mrads gamma radiation

Remelted at 155°C for 24 hours to extinguish
residual free radicals, annealed at 120°C for
24 hours (both processes under partial vacuum),
and then slowly cooled to room temperature
Machined into cups

Sterilized with gas plasma

To characterize the particles, the wafer was glued to an
aluminum stub, coated with 10 A iridium (EBS; SouthBay
Technology, San Clemente, CA, USA), and imaged in a
FE-SEM at a voltage of 13 kV. We imaged at least three
different fields of view at three different locations on the
wafer so that a minimum of 300 particles was characterized
per sample.

The chemical composition of the particles was deter-
mined using Fourier transform infrared (FTIR) spectrometry

Fig. 3A FE-SEM secondary electron image (accelerating voltage,
15 kV; spot size, 1 nm) shows noncrosslinked PE particles recovered
with the SWD protocol and displayed on a silicon wafer.

Purification Display
| |
Step 1 Step 2 Step3
-
20% SLS PE particles Siwafer
Protease 4M Urea IPA Gradient (in IPA 80-90%) -
Digestion 20% to 100% IPA PE Particles i
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Heat 80°C
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Fig. 2 A schematic diagram shows the SWD protocol, highlighting the digestion, purification, and display phases.
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(Nicolet iS10 FTIR equipped with Centaurus microscope;
Thermo Fisher Scientific Inc, Waltham, MA, USA). We
verified the debris as PE by the presence on the FTIR
spectrum of a carbonyl peak located between 1689 and
1756 cm ™.

Finally, particles were characterized morphologically via
digital image processing (MetaMorph™ 6.3r7; Molecular
Devices Corp, Sunnyvale, CA, USA) and extraction of par-
ticle characteristics with dedicated algorithms (Appendix 1).

Commercially available particles differ in range of size
and in morphology from particles found in vivo or in joint
simulator studies. Therefore, we produced a control as
follows. Particles from a single lubricant were isolated and
characterized by SWD, eluted from three analyzed wafers
using 0.5 mL glacial acetic acid to dissolve the mussel

Fig. 4 A FE-SEM secondary electron image (accelerating voltage,
15 kV; spot size, 1 nm) shows noncrosslinked PE particles recovered
with the NaOH protocol and displayed on a PC filter membrane
(0.01 pm).

Fig. SA-B FE-SEM images show par-
ticles isolated by the SWD protocol and
displayed on a silicon wafer. (A) This
image was selected from among those
showing the highest presence of agglom-
erates, likely formed during the wear
process. (B) In the inset, fibril-like
particles appear to be a complex network
of particles of different shape and size
“fused” together. These structures
formed during the wear process suggest
a specific wear mechanism that produced
irresolvable agglomerates, confirming
what has already been suggested by
others. The high power and sensitivity
of the SWD protocol allow separation
and characterization of particles as small
as 20 to 80 nm (arrows).

glue, and pooled. This was repeated for each station and
each PE type. Each population of particles was then neu-
tralized with 5 N NaOH, lyophilized, mixed with naive
serum, and sonicated four times before the particles were
reisolated using the complete SWD and NaOH protocols
(Fig. 1). To compare filtration to wafer display, the same
volume of samples was used for the filter and for the wafer,
and the particle suspension was passed through an area of
filter equivalent to the cross-sectional area of the silicon
wafer. Reisolated particles were compared with those on
the source wafers from the original SWD protocol to
determine morphologic characteristics, size distribution,
and recovery rate for each method.

We performed statistical analysis (SPSS®™ Version 14;
IBM Corp, Somers, NY, USA) to assess how uniformly the
particles were distributed on the wafer and to establish the
minimum number of images necessary to accurately
determine the distributions. For this, routine descriptive
measures, including skewness and kurtosis, were calcu-
lated. As expected, the distributions were not normal for
any of the parameters. The distributions then were graphed
using frequency counts and distribution bar plots. The
particle distributions were compared between two samples
using the Kolmogorov-Smirnov Z test. P-P plots were
constructed for each parameter and were used to compare
the distributions among different images within a sample
and among different samples.

Results

Compared to the particles isolated on the PC filter using the
NaOH protocol (Fig. 4), the particles isolated with the
SWD exhibited better separation and minimal clumping
and few, if any, contaminants (Fig. 5). When comparing

200 nm
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the percentage of clumping, the difference between the two
methods was considerable. For crosslinked PEs, the mean
(£ SD) percentage of clumping with the NaOH method
was 49% =+ 19%, whereas for the SWD protocol, it was
6% £ 4%.

The SWD protocol showed, for each of the three PEs
and for either of the isolation protocols, the majority of the
particles were round and oval shaped, but the noncross-
linked PE contained the highest percentage of rod-,
irregular-, and fibril-shaped particles (Table 2). Comparison
of the size of the particles between the NaOH and the
SWD protocols (Table 3) showed average values that were
greater (p = 0.02) for the NaOH protocol, indicating pos-
sible agglomeration of the smallest particles. Furthermore,
unlike the NaOH protocol, the SWD protocol was able to
detect differences (p = 0.04) in the average maximum
Feret’s diameters (d,,,.) between the two crosslinked PEs
as low as 0.1 um. Even at the highest resolution, the par-
ticles were easily distinguishable from the wafer
background, which facilitated morphologic analysis, even
of the nanometer-sized particles (Fig. 5). The clarity and
contrast of the particles on the wafer provided a corre-
spondingly high level of detail in the size distributions
(Fig. 6A). By plotting the same data as a continuous pro-
file, differences among sample types were more readily
apparent (Fig. 6B). In comparison to noncrosslinked PE,

Table 2. Mean particle sizes (dax)

Type of polyethylene dimax (L)

NaOH protocol SWD protocol

Noncrosslinked 0.9 £0.6 0.5 +0.2
5-Mrad crosslinked 0.5+03 0.3 £0.1
7.5-Mrad crosslinked 05+03 0.2 + 0.09

Values are expressed as mean + SD; d,, = maximum Feret’s
diameter; NaOH = sodium hydroxide; SWD = silicon wafer display.

Table 3. Shape distribution among the three polyethylene types

Shape Distribution (%)

Noncrosslinked 5-Mrad crosslinked 7.5-Mrad

polyethylene polyethylene crosslinked

polyethylene

Round 29.0 £ 3.2 428 £ 64 48 £ 7
Oval 262 £ 1.6 34 + 34 289 + 3.6
Rod 20.0 £ 2.8 10 £ 2.8 8£25
Irregular  21.7 + 54 127 £ 24 15+ 4
Fibril 3.1 +£20 0.5+ 0.2 0.1 + 0.06

Values are expressed as mean + SD.
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the crosslinked PEs had higher percentages (p = 0.045) of
particles in the 20- to 60-nm range and in the 300- to
500-nm range but a lower percentage (p = 0.04) in the
60- to 300-nm range. Importantly, the local peaks in the
distributions occurred at identical locations for the two
types of crosslinked PEs and were distinct from the peaks
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Fig. 6A—C Graphs show the size distribution according to (A) max-
imum Feret’s diameter (d,.x), (B) as percentage of total particles, and
(C) as relative number of particles per million cycles. NXL-poly =
noncrosslinked PE; 5XL-poly = 5-Mrad crosslinked PE; 7.5XL-poly =
77.5-Mrad crosslinked PE.
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Fig. 7 A graph illustrates the results of
the particle recovery experiments. The 95 -
size distribution of 5-Mrad crosslinked

PE (5XL-poly) particles after isolation

by the SWD method is shown (blue 85 1
line). Particles on these wafers were the
source of particles for all other curves:
after reisolation from serum by SWD
digestion (R-SWD) and display on a
silicon wafer (red line); after reisolation
from serum by SWD digestion
(R-SWD) and display on a filter mem-
brane (green line); and after reisolation
from serum by NaOH digestion
(R-NaOH) and display on a silicon
wafer (dotted purple line).

75 ~

1 £ w L=
w w w w

10'°Particles per Million Cycles

ra
w

15

for the noncrosslinked PE. This indicated radiation cross-
linking induced similar changes in the molecular structure
for both doses (ie, 5 and 7.5 Mrads). These subtle differ-
ences were not detectable with the previous protocol. In
addition to the systematic differences in shape and size
distribution, compared to noncrosslinked PE, the number of
particles produced per million wear cycles was smaller
(p = 0.04) for the two crosslinked PEs across the entire
size spectrum (Fig. 6C).

The results of the control/recovery rate experiment
(Fig. 7) indicated close agreement of the size distributions
between the original sample and that recovered after
reisolation using the SWD protocol. In contrast, the size
distribution was shifted toward the large end of the spec-
trum with the NaOH filtration protocol, probably due to
loss of smaller particles, especially in the 0.06- to 1.0-um
range, combined with artifactual clumping generated dur-
ing digestion/filtration. Quantitatively, the SWD protocol
recovered 82% =+ 10% of the particles in the original
sample, compared to only 47% =+ 15% with the filtration
protocol (p = 0.05).

Discussion

In vitro models have shown the osteolytic potential of PE
wear debris is affected by volume of particles, as well as

5XL-poly
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“esueen Si(RSWD)

— = Filter (R-SWD)
Si(R-NaOH)
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their size distribution [17, 21, 22, 36]. With followup
exceeding 12 years, the incidence and extent of osteolysis
have been markedly lower for hip arthroplasties using
crosslinked PEs [5, 27, 28]. This outcome contradicts the
predictions by some early studies [11, 18, 25], which
indicated the osteolytic potentials with elevated crosslink-
ing could be as high as or higher than for historical PEs.
Our results indicated this misprediction was in great part
due to inherent limitations of the protocols used to isolate
and characterize the PE wear particles generated in labo-
ratory wear simulations. We therefore described a novel
protocol to meet the demands of analyzing newer cross-
linked PE particles and our efforts to validate this protocol.

We note the following limitations to our new approach
and the specific experiments. First, the protocol although
highly sensitive, is very time consuming, especially the
part relative to the morphologic characterization of
the particles. Ideally, a faster method for characterizing the
particles, if available, should be selected. Second, in the
control experiment, we recovered particles deposited on
silicon wafers by extracting them with acetic acid. This
might have led to loss of particles and contributed to the
recovery we reported. Third, while the SWD protocol was
designed to minimize clumping, thereby providing highly
accurate data on the size and morphology of the individual
wear particles, it is possible that some clumping of the
particles occurs naturally during wear of a prosthesis, but
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also is eliminated by the SWD protocol along with the
artifactual clumping. Extensive additional research would
be required to determine whether natural clumping occurs
and, if so, to identify the mechanism causing it, and,
eventually, to develop a digestion protocol that would
preserve natural clumping while minimizing artifactual
clumping.

In previous studies [3, 38], the efficacy of digesting
proteins using proteinase K was compared to other enzymes,
as well as acids and bases. However, the conditions used for
proteinase K digestion were not optimal as they lacked
protein denaturants and proteinase K stabilization. In addi-
tion, the use of detergent to solubilize and denature proteins
during or after proteolysis yielded partial trapping of PE
nanoparticules in detergent micelles, preventing them from
reaching their respective equilibrium densities. Complete
digestion was obtained with high concentrations of urea to
denature proteins and calcium to stabilize proteinase K.
Postdigestion calcium chelation, disulfide reduction, and
continued denaturation by urea enabled particles to be
readily floated away from the small peptides of the digest
before introduction of detergent. Thus, detergent excess
removed minor contaminants from particles without form-
ing peptide-particle-detergent micelles.

The SWD provided an optimum, featureless background
for morphometric analysis and no opportunity for nano-
meter-sized particle loss or aggregation as occurred with
filters (Fig. 4). Sampling errors were minimized, leading to
a more accurate determination of particle count and size
distribution. SWD was also extremely sensitive to con-
taminants that might pass through filter pores, the absence
of which demonstrated the purity of the particles.

The larger sizes of the particles recovered with the
NaOH protocol than with the SWD protocol (Fig. 7) was
likely due to partial loss of smaller particles, that is,
through filter pores, as well as clumping of smaller parti-
cles, which could account for apparently higher
percentages of irregular-shaped particles recovered with
the NaOH protocol. Excessive clumping can be caused by
contaminants. For example, in the NaOH protocol, parti-
cles moved away from the gradient rather than through it,
concentrating them but not completely separating them
from partially digested proteins. These artifacts were
avoided by the SWD process, which passed particles
through cleaning reagents before display.

Three different experiments demonstrated the advanta-
ges of the present method and the relative inadequacy of
the previous NaOH protocol. First, from the same sample
of wear lubricant, SWD provided smaller average particle
sizes than the NaOH protocol. Second, using particles
already purified and characterized by the SWD protocol,
reisolation from serum with SWD and display by filtration
(Fig. 7, green line) led to clumping with increased apparent
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particle size, fewer size classes, and lower recovery when
compared to the original particles (Fig. 7, blue line) and
those repurified by the entire SWD protocol (Fig. 7, red
line). Third, using SWD-derived particles, repurification
from serum through the NaOH protocol followed by SWD
rather than filter display led to both increased apparent
particle size and lower recovery (Fig. 7, purple line). In
each case, the differences represent artifacts induced by the
operation of the NaOH protocol or the use of filtration,
rather than intrinsic differences in the characteristics of the
original particle population.

Endo et al. [11] concluded the functional biologic
activity (FBA) of a moderately crosslinked PE (4 Mrads)
was not lower than that of a noncrosslinked PE. As noted,
this contradicts subsequent clinical experience [5, 28]. In
addition to the limitations of the filtration-based protocol
employed by Endo et al. [11], they assumed biologic
activity indices obtained from in vitro tests of particles
from noncrosslinked PE particles also applied to cross-
linked PE particles within the same size band. However,
SWD images demonstrated differences in the morphology
of noncrosslinked and crosslinked PE particles that could
affect their relative FBA.

The SWD protocol has demonstrated reproducible dif-
ferences in the size profile of conventional and highly
crosslinked PEs. These differences were not restricted to
small and large particles but were also marked in the
midrange. The fact that none of the four size maxima
exhibited by the highly crosslinked PEs were shared with
conventional PE suggests there are structural differences in
the crosslinked PE molecular network driving wear to
produce different particles. Crosslinked PE particles may
thus differ in their surface properties resulting in decreased
aggregation or capacity for cellular activation. While both
results would predict a decrease in osteolysis/inflammation
in combination with the overall decrease in volume of
crosslinked PE particle, careful experimental validation
in vitro and in vivo is required to identify the responding
cells and the nature of their cytokine response.

In conclusion, the SWD protocol provides a powerful
new tool for more complete recovery of wear particles,
accurate characterization of their morphology, and pro-
duction of reproducible and representative samples of high-
purity particles. It functions equally well with both cross-
linked and conventional PE. Because it does not expose
particles to acid or base, the SWD protocol can be used in
combination with a similar protocol to simultaneously
isolate both metal and PE wear debris, preserving their
chemical composition and shape.
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