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Abstract

Background Metal-on-metal and ceramic-on-ceramic

bearings were introduced as alternatives to conventional

polyethylene in hip arthroplasties to reduce wear. Charac-

terization of wear particles has been particularly

challenging due to the low amount and small size of wear

particles. Current methods of analysis of such particles

have shortcomings, including particle loss, clumping, and

inaccurate morphologic and chemical characterization.

Questions/purposes We describe a method to recover and

characterize metal and ceramic particles that (1) improves

particle purification, separation, and display; (2) allows for

precise particle shape characterization; (3) allows accurate

chemical identification; and (4) minimizes particle loss.

Methods After enzymatic digestion, a single pass of

ultracentrifugation cleaned and deposited particles onto

silicon wafers or grids for imaging analysis. During cen-

trifugation, particles were passed through multiple layers of

denaturants and a metal-selective high-density layer that

minimized protein and nucleic acid contamination. The

protocol prevented aggregation, providing well-dispersed

particles for chemical and morphologic analysis. We

evaluated the efficacy and accuracy of this protocol by

recovering gold nanobeads and metal and ceramic particles

from joint simulator wear tests.

Results The new protocol recovered particles ranging in

size from nanometers to micrometers and enabled accurate

morphologic and chemical characterization of individual

particles.

Conclusion Both polyethylene and metal wear debris can

be simultaneously analyzed from the same sample by

combining a silicon wafer display protocol for polyethylene

and the metal and ceramics silicon wafer display protocol.

Clinical Relevance Accurate analysis of wear debris is

essential in understanding the processes that produce debris

and a key step in development of more durable and bio-

compatible implants.

Introduction

Central to the success of orthopaedic implants is their lon-

gevity and their capacity to benefit a patient’s mobility while

relieving pain and preventing its reoccurrence. Although

many elements of implant design and materials play a role,

the effects of wear in the bearing couple and consequent
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production of wear particles and ions have a large influence

on long-term survival and the chance of revision surgery.

In the last decade, metal-on-metal (MOM) hip arthro-

plasties have gained increased popularity because they

produce lower volumetric wear and the sockets are stronger

than the relatively thinner polyethylene liners with large-

diameter metal-on-polyethylene joint arthroplasties [1, 13,

16, 21, 39]. However, an increasing number of investiga-

tors report serious complications associated with MOM

implants, including adverse soft-tissue reactions, bursae,

metallosis, osteolysis, squeaking, and pain [6, 14, 19, 23,

26–28, 33, 34, 40]. There also are concerns regarding

elevated metal ion content, toxicity, and their associated

effects [7, 18, 22, 37].

While both particulate debris and metal ions are likely

etiologic agents in adverse events such as pseudotumors

or hypersensitivity, it is unclear whether local reactions

are predominantly caused by intracellular corrosion of

wear particles or systemic ions. To understand such rela-

tionships, the process of isolating wear particles must

maintain their in vivo morphologic distribution and

chemical composition.

Our research group has previously reported techniques

to isolate metal wear particles released from MOM THAs

[8, 9, 12, 16, 17]. These and other studies [3, 4, 10, 15, 16,

24, 36, 38, 41] use complex techniques because metal wear

particles are nanometer sized and not chemically inert

(Table 1). In general, metal wear particles are known to be

mainly composed of chromium oxide (CrOx) and cobalt-

chrome (CoCr). However, these analyses have shortcom-

ings, including particle loss, clumping, and inaccurate

morphologic and chemical characterization, among others.

We designed a method to provide a simple, two-step

approach for particle isolation and purification. We devel-

oped the new protocol with the aim to purify, recover, and

analyze wear debris from any material having a density of

greater than 2.0 g/mL. We refer to the protocol as the silicon

wafer display (SWD) method since a key advantage is that

the particles are collected on a featureless wafer for display

without the use of filtration. We refer to the specific SWD

protocol for metal and ceramic particles as MC-SWD. The

protocol was intended to (1) improve particle purification,

separation, and display; (2) allow accurate chemical identi-

fication; (3) allow precise particle shape characterization;

and (4) minimize particle loss. We evaluated the efficacy and

accuracy of this protocol by recovering gold nanobeads and

metal and ceramic particles from joint simulator wear tests.

Materials and Methods

The experimental procedure requires a number of steps

(Fig. 1). All solutions employed for particle isolation were

filtered through 0.02-lm AnodiscTM filters (47 mm in

diameter; Whatman International Ltd, Maidstone, UK).

Metal and ceramic particles were produced during wear

tests of CoCr alloy and alumina bearings. The bearing

couples were tested in hip and spine simulators, according to

previously reported protocols [29]. A total of three MOM

and three metal-on-ceramic (MOC) hip implants were

tested in a six-station orbital hip simulator (Shore Western

Manufacturing Inc, Monrovia, CA), applying a double-peak

curve load profile [35] (maximum, 2000 N). Three MOM

spine implants were tested in a custom-made, three-station

spine biaxial wear simulator and load and motion profiles

were based on the ISO/DIS 18192-1 standard [25]. All wear

lubricants consisted of 90% bovine serum (protein concen-

tration, 63 g/L), 0.2% sodium azide (NaN3), 20 mmol/L

ethylenediaminetetraacetic acid (EDTA), pH 7.3 [32]. Since

proteases, cellulases, and other carbohydrate-degrading

enzymes could not completely remove insoluble material

derived from bacteria, fungus, or mold, NaN3 was essential

to prevent such contamination. Lubricant samples were

stored at �20�C or �80�C until analysis.

MOM and MOC samples from the hip wear simulator

and MOM samples from the spine wear simulator in the

interval 0- to 0.25-million cycles were rotated end-over-

end at 28 rpm for 24 hours at room temperature to evenly

disperse the particles in the lubricant. Each sample was

then treated according to an optimized proteolytic digestion

protocol (Fig. 2) to avoid particle degradation caused by

more aggressive digestion protocols, such as bases and

acids [10, 11]. The protocol is reported in detail in

Appendix 1 (supplemental materials are available with the

online version of CORR). Briefly, since properly func-

tioning implants exhibited low wear, a centrifugation step

preceded protein digestion to concentrate the metal wear

debris. The pellet was subsequently digested with pro-

teinase K. The particles were then purified via density

gradient centrifugation through multiple layers of dena-

turants and a metal-selective high-density layer that

minimized protein and nucleic acid contamination and

displayed the particles on a 5- 9 5-mm featureless display

silicon wafer (Ted Pella, Inc, Redding, CA, USA) coated

with a monolayer of marine mussel glue (Cell-TakTM; BD

Biosciences, San Jose, CA, USA).

Each wafer was glued to an aluminum stub and coated

with 10 Å iridium (EBS; SouthBay Technology, San

Clemente, CA) before imaging with a field emission scan-

ning electron microscope (FE-SEM) (Supra VP-40; Zeiss,

Peabody, MA) at a voltage of 15 kV. Transmission electron

microscopy (TEM) grids were imaged within the FE-SEM

using a scanning transmission electron microscopy (STEM)

detector at an acceleration voltage of 25 kV. At least three

different fields of view at three different locations on the

wafer or grid were imaged. This maximized counting and

340 Billi et al. Clinical Orthopaedics and Related Research1

123



T
a

b
le

1
.

D
ig

es
ti

o
n

p
ro

to
co

ls
to

is
o

la
te

m
et

al
w

ea
r

d
eb

ri
s

S
tu

d
y

Y
ea

r
D

ig
es

ti
o

n
P

u
ri

fi
ca

ti
o

n
D

is
p

la
y

Im
ag

e
T

o
ta

l
n

u
m

b
er

o
f

p
ar

ti
cl

es

ex
am

in
ed

M
ea

su
re

d

p
ar

am
et

er
s

S
ta

ti
st

ic
s

S
ch

m
ie

d
b

er
g

et
al

.
[3

8
]

1
9

9
4

P
ap

ai
n

,
p

ro
te

in
as

e
K

(N
aO

H
w

as
h

)

M
u

lt
ip

le
se

q
u

en
ti

al

W
C

S
(7

st
ep

s)

D
ro

p

ev
ap

o
ra

ti
o

n

S
E

M
2

0
L

en
g

th
,

w
id

th
M

ea
n

,
S

D

D
o

o
rn

et
al

.

[1
6

]*

1
9

9
8

P
ap

ai
n

,

p
ro

te
in

as
e

K

M
u

lt
ip

le
se

q
u

en
ti

al

W
C

S
(4

st
ep

s)

N
eb

u
li

za
ti

o
n

o
n

T
E

M

g
ri

d

T
E

M
1

–
5

8
0

D
ia

m
et

er
B

o
x

p
lo

ts

T
ip

p
er

et
al

.

[4
1

]

1
9

9
9

K
O

H
6

0
�C

E
x

tr
ac

ti
o

n
w

it
h

ch
lo

ro
fo

rm
:m

et
h

an
o

l

(2
:1

)
an

d
re

p
ea

te
d

w
as

h
es

w
it

h

5
0

%
(v

/v
)

ac
et

o
n

e

F
il

tr
at

io
n

S
E

M
1

0
0

M
ea

n
d

m
a
x
,

as
p

ec
t

ra
ti

o

(l
en

g
th

/w
id

th
),

ar
ea

,
p

er
im

et
er

O
n

e-
w

ay

A
N

O
V

A

C
at

el
as

et
al

.

[1
0

]

2
0

0
1

P
ap

ai
n

,

p
ro

te
in

as
e

K

M
u

lt
ip

le
se

q
u

en
ti

al

W
C

S
(6

st
ep

s)

R
es

in

em
b

ed
d

in
g

an
d

sl
ic

in
g

T
E

M
7

0
0

–
1

3
0

0
L

en
g

th
,

w
id

th
O

n
e-

w
ay

A
N

O
V

A

B
ro

w
n

et
al

.

[4
]

2
0

0
7

P
ap

ai
n

,

p
ro

te
in

as
e

K
,

y
ea

st
ly

ti
c

en
zy

m
e,

Z
y

m
o

la
se

1

M
u

lt
ip

le
se

q
u

en
ti

al

W
C

S
(1

2
st

ep
s)

S
eq

u
en

ti
al

fi
lt

ra
ti

o
n

S
E

M
1

5
0

d
m

a
x

O
n

e-
w

ay

A
N

O
V

A

B
il

li
et

al
.

2
0

1
1

P
ro

te
in

as
e

K
,

3
7

�C
D

en
si

ty
g

ra
d

ie
n

t

ce
n

tr
if

u
g

at
io

n

(1
st

ep
)

S
il

ic
o

n
w

af
er

o
r

T
E

M

g
ri

d

S
E

M
o

r

T
E

M

M
in

im
u

m

1
0

0
0

d
m

in
,

d
m

a
x
,

P
,

A
,

E
C

D
,

F
L

,

F
B

,
F

F
,

A
R

,

E
,

R
,

sh
ap

e

an
d

ch
em

ic
al

co
m

p
o

si
ti

o
n

d
is

tr
ib

u
ti

o
n

N
o

n
p

ar
am

et
ri

c

te
st

s

*
P

ar
ti

cl
es

is
o

la
te

d
fr

o
m

ti
ss

u
e

sa
m

p
le

s;
W

C
S

=
w

as
h

in
g

/c
en

tr
if

u
g

at
io

n
/s

u
p

er
n

at
an

t
re

m
o

v
al

;
T

E
M

=
tr

an
sm

is
si

o
n

el
ec

tr
o

n
m

ic
ro

sc
o

p
y

;
S

E
M

=
sc

an
n

in
g

el
ec

tr
o

n
m

ic
ro

sc
o

p
y

;

d
m

in
=

m
in

im
u

m
F

er
et

’s
d

ia
m

et
er

;
d

m
a
x

=
m

ax
im

u
m

F
er

et
’s

d
ia

m
et

er
;

P
=

p
er

im
et

er
;

A
=

ar
ea

;
E

C
D

=
eq

u
iv

al
en

t
ci

rc
le

d
ia

m
et

er
;

F
L

=
fi

b
er

le
n

g
th

;
F

B
=

fi
b

er
b

re
ad

th
;

F
F

=
fo

rm
fa

ct
o

r;

A
R

=
as

p
ec

t
ra

ti
o

;
E

=
el

o
n

g
at

io
n

;
R

=
ro

u
n

d
n

es
s.

Volume 470, Number 2, February 2012 Isolation of Metal and Ceramic Particles 341

123



discrimination of nanometer-sized particles and yielded

data from 300 to 2100 particles per sample. STEM was used

to gather information about the phase distribution within

particles.

Morphologic characterization was performed according

to the protocol detailed in the Appendix 1. Briefly, we

outlined the particles on each micrograph using digital

image processing software (MetaMorphTM 6.3r7; Molecu-

lar Devices Corp, Sunnyvale, CA, USA) and an automated

routine. Size and morphologic descriptors were calculated

according to ASTM F1877-05 [2]. The shapes of the

particles were quantified using a custom-defined algorithm,

also detailed in Appendix 1.

We calculated the area of the particles using the image

analysis software and calculated the total number of particles

generated per cycle in the wear simulator by taking into

account the cross-sectional area of the centrifuge tube, the

dilutions of the MC-SWD protocol, and the total number of

wear cycles. Chemical composition, as determined by xray

energy dispersive analysis (EDS) (NORANTM System Six;

Thermo Fisher Scientific Inc, Waltham, MA, USA), was

used to further discriminate between the particles. Each

Fig. 2 A schematic diagram out-

lines the MC-SWD protocol.

Fig. 1 A flowchart illustrates an

outline of the experiment.
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particle was classified according to its shape, size, and

chemical composition. Initially, statistical analysis was

performed on a sample to evaluate the distribution of the

particles on the wafer and establish the minimum number of

particles needed to assure the distribution was well repre-

sented. First, descriptive measures, including median,

skewness, and kurtosis were calculated. As expected, the

distributions were not normal for any of the parameters. The

distributions were graphed using frequency counts and dis-

tribution bar plots. The particle distributions were compared

between two samples using the Kolmogorov-Smirnov Z test

(SPSS1 Version 14; IBM Corp, Somers, NY, USA). P-P

plots were constructed for each parameter and were used to

compare the distribution among different images within the

sample and among different samples.

The effectiveness and accuracy of the protocol were eval-

uated using highly purified gold nanobeads with well-defined

shapes and size distribution. Specifically, 350 lL of gold

nanoparticles (49.6 lg/mL; Nanopartz Inc, Loveland, CO,

USA), having a mean (±SD) diameter of 50 ± 2 nm, was

mixed with bovine serum (protein concentration, 60 mg/mL;

HyClone, Logan, UT, USA) to a final volume of 36 mL. The

serum was then digested according to the MC-SWD protocol.

As a control, 50 lL of the gold nanoparticles was added to

1.15 mL ultrapure water in a SW60 polyallomer tube

(Beckman Coulter, Inc, Brea, CA, USA) and ultracentrifuged

for 30 minutes at 3368 g and 4 hours at 84,000 g without

digestion onto a silicon wafer before characterization. Dif-

ferences between the gold nanobeads in digested serum and

the control were calculated using Student’s t test.

To evaluate particle loss, an aliquot of supernatant col-

lected after the concentrating centrifugation step of a MOM

hip sample was analyzed via inductively coupled plasma

mass spectrometry (ICPMS) for Cr and Co ion content.

Other aliquots were transferred into six SW60 tubes and

centrifuged for another 87 hours at 485,000 g. After this

time, the supernatant in each tube was transparent and was

removed and saved, except for the last 0.4 mL. Those small

portions were pooled and submitted to the complete diges-

tion and display of the MC-SWD protocol. An aliquot of

saved supernatant was analyzed via ICPMS for Co and Cr.

Results

Particles displayed on silicon wafers were well separated

with few agglomerates (Fig. 3). Detailed chemical char-

acterization was possible on particles as small as 12 nm

(Fig. 4), allowing detailed classification based on both

morphologic characteristics and chemical composition.

The distributions of the particles were similar at different

locations on the wafer (Fig. 5). Power analysis indicated,

with an alpha of 0.05 and a power of 80%, 900 particles per

sample were sufficient to detect differences of 0.02 lm in

maximum Feret’s diameter (dmax), 9% in Co concentration,

and 6% in Cr concentration, and differences of 5%, 1.5%,

0.1%, and 3% of round, oval, irregular-, and rod-shaped

particles, respectively.

Fig. 3 FE-SEM images show MOM hip particles collected on a silicon

wafer, demonstrating the even distribution of particles on the wafer. As

a general rule, the biggest and smoother particles contain Co (A)

whereas the large particles (B) and the majority of the smaller particles

(C) with a rougher surface contain CrOx. The smallest particles (white

arrows) were less than 5 nm in size. The inset shows an example of rod-

shaped particles (white arrows); note difference in magnification.

Fig. 4A–B (A) A 12-nm CrOx particle from a MOM hip sample is shown. (B) The EDS spectrum of this particle is shown.
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The vast majority of the particles from MOM hip sim-

ulator samples were mostly round and oval CrOx particles

(Table 2). A small percentage of Co-rich particles had

irregular or rodlike shapes, smooth surface textures, and

larger sizes than the CrOx particles (Fig. 3). Also, a small

percentage of particles was identified as iron chromium

(FeCr) (likely due to fretting of the wear simulator’s

stainless-steel fixtures) and considered to be a contaminant.

TEM analysis showed the CrOx particles were largely

amorphous (light gray) whereas Co-rich particles were

mostly crystalline (dark gray) (Fig. 6). In contrast, a higher

percentage of particles isolated from spine simulator

lubricant contained Co, whereas the percentage of CrOx

particles was smaller (Table 2). MOC hip samples con-

tained fewer particles than MOM hip samples. To obtain a

sufficient number of particles on the wafer, we increased

the concentration of the sample threefold. However, the

particles of interest, that is, those due to wear of the bearing

surfaces and thus containing Al, Cr, or Co, were less than

60% of the total number of particles observed (Fig. 7). The

remaining particles contained mainly FeCr and titanium

oxide (TiOx) and were considered contaminants due to hip

simulator fixture wear. The average dmax (Appendix 1) of

the particles of interest was 0.15 ± 0.12 lm. The majority

of the particles of interest contained Al, whereas Co-rich

particles were more frequent than CrOx particles (Fig. 7).

We assessed the validity of the MC-SWD protocol for

particle recovery using standardized gold nanobeads col-

lected directly by centrifugation onto a wafer or mixed with

serum and processed by the entire MC-SWD protocol. We

recovered 92% ± 5% of the nanobeads processed through

the MC-SWD protocol.

Particle loss evaluation showed Co level in the supernatant

before the 87-hour centrifugation was 37.5 ± 1.5 ppm; after

centrifugation, it was 37.3 ± 1.6 ppm (p = 0.03); Cr level

was 14.9 ± 0.8 ppm before centrifugation; after centrifuga-

tion, it was 14.5 ± 0.7 ppm (p = 0.05). Thus, no particles

remained in the original concentrating supernatant by deple-

tion analysis. In addition, when the 87-hour supernatant was

processed according to the MC-SWD protocol, few particles

were identified on the wafer, confirming the high percentage

of recovery of the standard MC-SWD protocol.

Table 2. Comparison of elemental composition for particles from

metal-on-metal hip and spine joint simulators.

Joint CrOx Co Other

% dmax % dmax %

Hip (n = 9) 83 ± 7 0.1 ± 0.08 11 ± 3 0.3 ± 0.2 6 ± 4

Spine (n = 9) 67 ± 9 0.14 ± 0.1 27 ± 7 0.5 ± 0.3 6 ± 4

Values are expressed as mean ± SD; CrOx = chromium oxide;

Co = cobalt; dmax = maximum Feret’s diameter (microns).

Fig. 6 An image shows metal particles on a TEM grid (STEM

detector). Amorphous CrOx particles are light gray and crystalline

Co-rich particles are dark gray. Predominantly amorphous or crystalline

particles are easily recognized, as well as subregions that are more or less

crystalline inside a single particle. Furthermore, access to a monolayer of

particles assures the image is not the result of superimposed particles.

Fig. 5A–B Graphs show a com-

parison of P-P plots for dmax from

two different areas on a wafer (A
and B), confirming the uniform

distribution of particles. Cum

Prob = cumulative probability.
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Discussion

MOM and ceramic-on-ceramic bearings were introduced

as alternatives to conventional polyethylene in hip

arthroplasties to reduce wear. Characterization of wear

particles has been particularly challenging due to the low

amount and small size of wear particles. Current methods

of analysis of such particles have shortcomings, including

particle loss, clumping, and inaccurate morphologic and

chemical characterization. We described a two-step parti-

cle isolation and characterization protocol designed to

(1) minimize particle loss; (2) improve particle purifica-

tion, separation, and display; (3) allow accurate chemical

identification; and (4) allow precise particle shape char-

acterization. We evaluated the efficacy and accuracy of this

protocol by recovering gold nanobeads and metal and

ceramic particles from joint simulator wear tests.

One limitation of the current protocol is that it cannot

overcome contamination due to microbial growth during

wear testing. However, since NaN3 is normally added to

many simulator tests, microbial growth is usually prevented.

A second limitation of the study is that gold nanobeads used

to assess recovery rate are imperfect surrogates for metal

wear particles; they are 50 nm in diameter and reflect the

average size of many MOM wear particles and are spherical

and thus comparable to the particles characterized as

‘‘round.’’ However, spherical shape presents the smallest

ratio of particle surface area to the wafer surface; thus, the

92% recovery rate of gold beads may be an underestimate of

the recovery of the more irregularly shaped wear particles.

On the other hand, it is possible round, high-density

(19.3 g/mL) gold nanobeads interact differently with pro-

teins and lipids compared to irregular CoCr particles.

Decreased handling and multifunctional centrifugation

greatly reduced particle loss. Particle concentration occurred

before digestion. The undigested proteins, acting as a cush-

ion, prevented possible artifactual particle aggregation due to

centrifugal force. Subsequently, complete protein digestion

occurred under conditions of maximal protein denaturation

(8 mol/L urea) and stabilization of proteinase K by calcium

against autolysis. The proteins were digested in the original

tube used to collect the particles, and only the particle sus-

pension was transferred to the purification/display gradient.

Purification and display were simultaneously accomplished

in a single centrifugation whereas in previous protocols this

has been done in multiple washing/centrifugation steps

(Table 3), followed by removal of the supernatant and/or

transfer to a second tube (Table 1) [10, 16, 38, 41]. Addi-

tionally, in the MC-SWD protocol, biologic contaminants

(densities \ 2.0 g/mL) could not pass into the cesium tri-

fluoroacetate layer and only wear particles reached the wafer

whereas in other protocols filters could collect biologic

contaminants. The purity and minimum agglomeration of

the particles are apparent in the FE-SEM images (Fig. 3).

Fig. 7A–B Graphs show the chem-

ical distribution of the particles for

(A) MOM and (B) MOC samples.
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The wafer provided a high-contrast, virtually feature-

less surface for deposition. Other investigators have

characterized metal particles that were apparently either

agglomerated, too close, or stacked on top of each other

[4, 10, 20, 30, 31, 41]. As a result, the spectrum obtained

via EDS analysis may have combined signals from multi-

ple particles with different chemical compositions. In the

MC-SWD protocol, particle separation allowed for precise

chemical characterization. With the FE-SEM used in our

study, we were able to successfully characterize particles

as small as 12 nm (Fig. 4). The ability to display well-

dispersed particles is also possible with TEM grids.

As wear rates have declined in modern MOM and MOC

bearings, the ability to identify contaminant particles has

become critical since their percentage may increase. The

size distribution can be skewed by not taking into account

the contaminants (Fig. 8A) or removing them from the

calculation (Fig. 8B). In some samples from apparently

Fig. 8A–B Graphs show, for

MOC low-wear samples, precise

chemical characterization and dis-

crimination are critical to avoid

skewed distributions as shown

in MOC samples (A) with and

(B) without contaminants.

Table 3. Steps involved in particle isolation protocols

Steps Schmiedberg

et al. [38]

Doorn

et al. [16]

Catelas

et al. [10]

Brown

et al. [4]

Billi

et al.

WCS 7 4 6 12

Dilution 2 4 3 8 1

Digestion 2 2 2 12 1

Boiling 4 3 5

Heating 1

WCS = washing/centrifugation/supernatant removal.
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well-functioning wear simulators, contaminants can actu-

ally overwhelm wear particles (Fig. 9). This highlights the

importance of even distribution and separation of particles

with the SWD method, allowing accurate chemical char-

acterization. In contrast, laser-based particle analysis tools

cannot distinguish composition based on refractive index

since the particles generally do not have spherical geom-

etry. Furthermore, if the particles are spread over a wide

size range (from few nanometers to several tens of

micrometers), results from laser diffraction techniques may

be skewed toward the larger particles. Finally, laser-based

techniques cannot discriminate between particles that

have similar sizes (eg, 40 and 60 nm will blend into a

50-nm band).

Although a few descriptors are sufficient to establish

size distribution, morphologic characterization should

accurately describe shapes, typically requiring more than

Fig. 9 An image shows chemical characterization of particles on a

wafer for a MOC hip sample. Due to the extremely low wear of the

ceramic counterface, no particles containing Al were detected in this

field.

Fig. 10A–B Graphs show shape distri-

bution as a function of maximum

Feret’s diameter (dmax) for a typical

MOM sample. Particle shapes were

automatically extracted via a dedicated

algorithm and could be associated to

any other parameter. (A) A distribution

of dmax for various shapes is shown.

(B) Peaks in the distribution of particles

with various shapes are more readily

identified in this line graph; round

particles are usually the smallest parti-

cles whereas irregular particles are

larger; oval particles and rods are more

dispersed across the entire spectrum.
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simple dimensional measurements. We defined the shape

of the particles by several parameters extracted via image

analysis. This minimized operator sensitivity, providing an

objective measurement that could be correlated with other

parameters (Fig. 10).

A reliable morphologic characterization allows for

establishing correlations between particles and wear

mechanisms. Tribologic properties of materials strongly

affect characteristics of wear particles. Conversely, particle

characteristics can often provide information regarding not

only the magnitude of wear but also the types of underlying

wear mechanisms. Particles retrieved from MOM hip

implants are nanometer in size, round or oval in shape, and

mostly CrOx. This is consistent with normal conditions of

use and continuous generation and removal of the protec-

tive layer of a metal surface, indicating mild abrasive wear.

Implant surfaces showed light scratches and polishing with

low values of wear (\ 1 mm3/million cycles). However,

particles from MOM lumbar spine implants ([ 10 mm3/

million cycles) had larger average dmax and more irregular,

Co-rich particles, indicating severe abrasion. Analysis of

the surface of the implants showed severe wear and signs

of impingement [29]. Several authors suggest microstruc-

tural changes at and below the surface are responsible for

generating nanometer-sized wear debris with MOM

implants [5, 42]. Such substructures with amorphous and

crystalline regions are characterized as containing chro-

mium, oxygen, and carbon (Fig. 11). These particles may

be the result of mechanical mixing and tribochemical

reactions at the alloy surface [42].

In summary, the MC-SWD protocol provided an

integrated experimental platform for isolation and charac-

terization of metal and ceramic wear debris. It is applicable

to any hard-on-hard bearing couple producing low wear

because of its capacity to concentrate particles with-

out aggregation. In addition, it yielded uniform, two-

dimensional particle displays on a featureless surface

without filter pores for high-resolution automated chemical

and morphologic analysis and high particle recovery. The

protocol allowed distinguishing particles of interest from

environmental contaminants, highlighting the importance

of particle separation and particle-specific analysis by

composition and morphology. Finally, because it shares a

protease digestion step and early material-dependent

Fig. 11A–C Images show the chemical characterization of particles

on a wafer. (A) On a low-resolution image of the analyzed wafer area

acquired via EDS software, particles were automatically identified

(marked on the image) and numbered; some particles cannot be

distinguished from the marks because of the low resolution and small

particle dimension. Spectra are shown from the particles in the circle

in (A), specifically from (B) Point 17, which is a Co-rich particle and

dark, and (C) Point 19, which is from a particle mainly composed of

CrOx and bright.
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particle separation with the polyethylene SWD protocol,

the two protocols can be used simultaneously on a single

sample containing multiple materials (eg, polyethylene and

CoCr).
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