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Laser-Induced Breakdown Spectroscopy for the Analysis of
Cobalt–Chromium Orthopaedic Wear Debris Particles
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Laser-induced breakdown spectroscopy (LIBS) is investigated for
the quantitative analysis of individual cobalt–chromium wear par-
ticles generated in vivo from human arti� cial knee joints. As imple-
mented, the LIBS technique provided a measurement of the abso-
lute chromium and cobalt masses for individual wear particles,
which enabled calculation of chromium-to-cobalt mass ratios and
the equivalent spherical diameter on a particle-to-particle basis. Us-
ing a multiple analyte emission line spectral � ltering process, ab-
solute cobalt and chromium mass measurements were made as low
as 40 and 20 fg, respectively, corresponding to a particle diameter
of approximately 200 nm. The size of the wear debris ranged from
approximately 200 to 800 nm, with a mean diameter of 385 nm. In
addition, the wear particles exhibited a depletion of cobalt with
respect to the bulk composition of the cobalt–chromium alloy. The
cobalt depletion exhibited a strong correlation with size, with the
larger particles character ized by a more signi� cant depletion of co-
balt. All synovial � uid samples were inactivated with 10% bleach
to reduce risks of infection by bloodborne pathogens. Control wear
debris was generated from manual abrasion of pristine cobalt–chro-
mium alloy specimens and analyzed with the LIBS technique to
address the potential effects of bleach addition. No statistical dif-
ferences were recorded between the particle suspensions treated
and untreated with bleach. Overall, the LIBS method was success-
fully implemented for the quantitative analysis of cobalt–chromium
wear particles.

Index Headings: LIBS: Laser-induced breakdown spectroscopy;
Wear particles.

INTRODUCTION

Wear particles generated at the articulating surfaces of
orthopaedic implants, namely total hip and knee prosthe-
sis, continue to be of interest due to a general consensus
among researchers regarding their association with peri-
prosthetic osteolysis and aseptic loosening of joint sys-
tems, often resulting in premature implant failure. Partic-
ulate wear debris may include a wide range of particle
types, including metallic particles and ultrahigh molecu-
lar weight polyethylene particles from the load bearing
surfaces, as well as bone cement (polymethylmethacry-
late or PMMA) or metal particles from the � xation sur-
faces. In commonly used metal on polyethylene implant
systems, polyethylene wear rates greatly exceed the wear
rates of the harder, counter bearing metal surfaces; hence,
wear debris is dominated by polyethylene particles.
While considerable resources have been focused on the
role of wear debris in the many complex biological re-
actions involving foreign body particulates, there are par-
allel efforts underway to reduce overall wear debris lev-
els using alternative implant systems that make use of
metal-on-metal articulations.1–3 While metal-on-metal im-
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plant systems are characterized by signi� cant reductions
in wear rates as compared to the popular metal-on-poly-
ethylene systems, researchers must now consider more
thoroughly the characteristics of metallic wear particles
and the potential adverse effects on periprosthetic tissues,
including toxicity, in� ammation, and osteolysis, and ul-
timately on prosthesis loosening.

The signi� cance of the type of small particles on the
biological response has been studied in a variety of clin-
ical and laboratory systems, including histology studies
of tissue from implant retrievals, animal models, and cell
culture studies. A number of studies have demonstrated
a dependence of histiologic response on both the particle
size and composition of particles tested.4–6 With regard
to particle size, small particles (less than about 2 mm)
will in general lead to a mononuclear histiocytic re-
sponse, while larger particles will become engulfed by
local phagocytic cells, isolating them from surrounding
tissues. Phagocytosis, however, is often the initiation of
more complex in� ammatory responses that may culmi-
nate in tissue necrosis or bone resorption. With regard to
particle type, recent studies have concluded that for bi-
ologically relevant particles sizes (i.e., submicrometer to
;10 mm), the chemical makeup of the particles is more
important than the particle size. Of note, cobalt–chromi-
um particles have been reported to be among the more
biologically toxic particles as compared to polyethylene,
PMMA, and aluminum–titanium–vanadium particles.7,8

Cobalt–chromium is the primary load-bearing alloy uti-
lized in current metal-on-metal implant systems as well
as with traditional metal-on-polyethylene prosthesis. Giv-
en the current interests in wear debris, as well as the
increasing clinical use of new implant system designs, a
need exists for relevant data concerning the characteris-
tics (namely size and composition) of metallic wear par-
ticles.

To date, the most prevalent techniques as applied to
the analysis of orthopaedic wear debris are visible light
microscopy, scanning electron microscopy, and transmis-
sion electron microscopy. Visible light microscopy is use-
ful for the identi� cation of polyethylene wear debris due
to polyethylene’s pronounced birefringent nature, al-
though larger metallic particles are also readily analyzed.
Light microscopy, however, has several limitations re-
garding wear debris analysis, namely a resolution limit
on the order of the wavelength of light, and the inability
to type (i.e., identify composition) wear particles other
than through visible observation, notwithstanding bire-
fringence measurements. Metallic wear particles isolated
from both periprosthetic tissue and synovial � uid samples
are reported to range in size from as small as 10 nm to
50 mm, with the majority generally submicrometer sized,
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as measured using various microscopy techniques;9–11

hence, light microscopy analysis will miss many of the
smaller particles. Electron microscopy is well suited to
analyze even the smallest metallic wear particles; how-
ever, sample preparation often leads to particle agglom-
eration, and therefore, care must be exercised when re-
porting size distributions. An added advantage of electron
microscopy is the ability for concomitant composition
measurements using energy dispersive X-ray (EDX) anal-
ysis. However, while electron microscopy offers the abil-
ity for the size and composition analysis of individual
wear particulates, such measurements are laborious, and
true quantitative measurements of constituent elemental
concentrations are dif� cult due to limitations of uniform
particle assay with EDX. In addition to the microscopy
techniques outlined above, other analytical techniques in-
clude the use of atomic emission spectroscopy, including
graphite furnace and inductively coupled plasma, for total
metals analysis, and Raman spectroscopy for the analysis
of individual particles. The focus of this paper is on the
quantitative analysis of individual orthopaedic wear par-
ticles using a recently developed single-particle measure-
ment scheme based on laser-induced breakdown spec-
troscopy (LIBS).

Laser-induced breakdown spectroscopy is an atomic
emission spectroscopy technique like inductively-coupled
plasma (ICP) spectroscopy; however, LIBS differs in that
the plasma is created by a tightly focused, high power,
pulsed laser beam. Research and review papers focusing
on LIBS, including the study of chromium, lead, cad-
mium, calcium, potassium, magnesium, and zinc, are re-
ported in the literature.12–16 The quantitative analysis of
individual particles using the LIBS technique was re-
cently demonstrated for laboratory analysis and analysis
of ambient air particulate matter, including individual
chromium, magnesium, and aluminum-based particles
approaching sizes as small as 100 nm and elemental mass
as low as 2 fg.17,18 The goal of this paper is to examine
the feasibility and applicability of LIBS-based quantita-
tive analysis of individual orthopaedic wear particles as
obtained from synovial � uid suspensions.

EXPERIMENTAL METHODS

Laser-Induced Breakdown Spectroscopy Measure-
ments. A brief overview of the LIBS experimental setup
is presented here, with additional details reported previ-
ously.17,19 A schematic of the LIBS system is shown in
Fig. 1. The excitation source was a 1064-nm Q-switched
Nd:YAG laser with a nominal pulse width of 10 ns, max-
imum pulse energy of 350 mJ, and operated with a 5 Hz
pulse repetition rate. The expanded laser beam (12-mm
diameter) was focused into the sample chamber (2.75-in.,
stainless-steel 6-way vacuum cross) using a 75-mm UV
grade lens to create the plasma ( f /6.25). The plasma
emission was collected along the incident beam in a
backward direction and separated using a pierced mirror.
The collected plasma emission was � ber-coupled to a
0.275-m spectrometer, dispersed with a 2400-groove/mm
grating (0.03 nm/pixel, 0.12-nm resolution), and recorded
with an intensi� ed, charge-coupled device (iCCD) detec-
tor array. Aerosol streams were generated by nebulizing
aqueous analyte solutions (deionized water with dis-

solved cobalt and chromium) into a gaseous co-� ow
stream of either dry nitrogen or puri� ed, dry air. The
nebulizer was a standard pneumatic nebulizer (Hudsen
model 1724) typically used for the dispersion of respi-
ratory medications. Air was collected and compressed
from the air-conditioned laboratory building, and then
passed through a water separator, particle � lter, pressure
regulator, desiccant drier, and � nal HEPA � lter prior to
entering the � ow controllers and sample chamber. Nitro-
gen was industrial grade, compressed dry nitrogen, and
was regulated and passed through a HEPA � lter and � ow
controller prior to use. All gas � ows were controlled us-
ing electronic mass � ow controllers.

Standard solutions (SPEX, Inc.) of dissolved metals
were used for all calibration experiments. Calibration
curves were generated using serial dilution of 10 000 mg/
mL of chromium in 5% HNO3, and 10 000 mg/mL of
cobalt in 5% HNO3. All dilution was performed using
ultra-puri� ed deionized water.

Inductively-Coupled Plasma Mass Spectrometry
Measurements. ICP-MS measurements were performed
using a Finnigan MAT SOLA ICP-MS system with a
quadrupole mass analyzer and a radio frequency (Rf)
power of 1200 W. The nebulizer solution uptake rate was
1 mL/min for all experiments.

Sample Collection and Processing. Synovial � uid
samples used in this study were provided by the depart-
ment of Orthopaedics and Rehabilitation at the University
of Florida Health Science Center. The samples were col-
lected from patients undergoing primary and revision to-
tal knee arthroplasty surgery. All patients gave formal
consent, in accordance with an approved Institutional Re-
view Board (IRB) protocol. The synovial � uid samples
were processed in the orthopaedic research laboratory in
accordance with all the Environmental Health and Safety
policies on biological � uids and bloodborne pathogens.
A summary of the sample processing follows. All sam-
ples were � rst inactivated using a dilution of 10% by
volume of bleach (9 parts synovial � uid sample to 1 part
bleach, namely 5.25% sodium hypochlorite) for a period
no less than an hour. This was done in order to reduce
the biohazard risks, thereby facilitating the handling of
the samples during analysis, and minimizing the exposure
of persons involved in handling the samples. Particular
biohazards of concern were Hepatitis C and HIV. Sam-
ples were screened in advance for these pathogens and
excluded from the study if indicated as HIV positive or
Hepatitis C positive. Nonetheless, all samples were treat-
ed as possibly containing bloodborne pathogens. The in-
activated synovial � uid samples were then mechanically
vortexed and further diluted one part synovial � uid with
two parts puri� ed deionized (DI) water, and then diluted
with an additional 10% by volume of pure ethyl alcohol.
The ethyl alcohol was added in an effort to reduce vis-
cosity and as a preservative. The solution was then me-
chanically vortexed and ultrasonicated prior to � ltration.
The solution was then � ltered through a 20-mm � lter to
remove gross debris and large particulates. All samples
were stored in a refrigerator prior to analysis.

In addition to the synovial � uid samples, wear debris
particles were generated and analyzed as an experimental
control. Pristine biomedical grade cobalt-chromium alloy
stock was used for all control experiments, with an alloy
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FIG. 1. Schematic of the LIBS apparatus.

composition of 62% cobalt (by weight), 26–30% chro-
mium, 5–7% molybdenum, 1% maximum manganese,
1% maximum nickel, 1% maximum silicon, and 0.75%
maximum iron. The bulk cobalt–chromium alloy density
was 8.3 g/cm3. The alloy sample was manually abraded
for approximately 20 min using 100-grit silicon oxide
sandpaper. The accumulated wear debris was rinsed into
a test tube using ultra-puri� ed DI water, thereby creating
a suspension of wear particles of a known alloy type. The
particle suspension was divided into two equal volumes.
One sample volume was diluted by 10% with bleach, and
the second sample volume was diluted by 10% with DI
water to maintain a similar particle concentration. Both
samples were mechanically vortexed and stored under re-
frigeration for a period of 5 weeks, equal to the maximum
period for which the processed synovial � uid samples
were stored. This procedure was done to determine the
potential effects, if any, of the added bleach on wear de-
bris particles. It is noted that synovial samples were di-
luted with bleach and inactivated prior to sample pro-
cessing; hence, the � nal synovial � uid samples utilized
in this study were approximately 3.3% bleach by volume.

Therefore, the 10% bleach sample prepared to assess any
possible role of bleach represents an upper limit.

Sample Analysis. The synovial � uid samples were
measured using the LIBS system as follows. Processed
wear particle suspensions, either synovial � uid samples
or the control alloy particle suspensions, were nebulized
into a co-� ow air stream. The nebulized droplets subse-
quently dried in the co-� ow stream, thereby introducing
the wear particles into an aerosol stream. The particles
were subsequently transported to the sampling chamber
by the co-� ow air stream, where the particles were en-
veloped by the laser-induced plasma. The aerosol stream
was subsequently exhausted after leaving the sampling
chamber.

EXPERIMENTAL RESULTS

LIBS Optimization and Calibration. A signi� cant
aspect of this work was the optimization of the LIBS
technique for the speci� c application of cobalt–chromium
wear particles analysis. LIBS system parameters include
the laser pulse energy, temporal delay and integration
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FIG. 2. LIBS spectra of chromium and cobalt sample calibration
streams at a concentration of 1700 mg/m3. Both spectra have the same
scale and have been shifted vertically for clarity.

time of the CCD detection gate, and the use of either air
or nitrogen for the co-� ow gas stream. Laser pulse energy
is an important factor in generation of a laser-induced
plasma and in the subsequent analyte atomic emission
signal. The threshold power required for laser-induced
breakdown in ambient air is typically less than 100 mJ
per pulse for a Q-switched, fundamental Nd:YAG laser
wavelength. Recent work has demonstrated that addition-
al laser pulse energy beyond the breakdown threshold
functions to increase the stability (i.e., precision) of the
plasma for single-shot measurements as performed in the
current work.20

In view of the above comments, a laser pulse energy
of 330 mJ was used for all measurements. This laser
pulse energy was suf� cient to induce breakdown with
each laser pulse, independent of aerosol loading. The in-
tensity of the plasma emission is a strong function of
time, which is a result of the time-dependent plasma tem-
perature. For a nominal 300-mJ pulse energy, the plasma
temperature is approximately 11 700, 9700, and 9000 K
at delay times of 15, 25, and 100 ms, respectively, as
measured using a series of chromium emission lines. 21 In
general, the plasma emission is dominated by continuum
emission (recombination and Bremsstrahlung) at relative-
ly short delay times with respect to the incident pulse.
As time increases, atoms relax electronically, resulting in
additional atomic emission. An optimal temporal window
for detection should maximize the atomic emission-to-
continuum emission ratio. Detector gating was used to
explore this behavior, with the goal of optimizing the
atomic emission signal for the simultaneous detection of
cobalt and chromium. Finally, the optimal carrier gas (ni-
trogen or air) was determined for the two targeted ele-
ments. In general, the gas matrix does not signi� cantly
in� uence plasma temperature or electron density as
shown by Yalcin et al.; 22 however, the atomic emission
of certain analyte species may be in� uenced by the pres-
ence of oxygen.21

To simultaneously analyze cobalt and chromium atom-
ic emission lines, speci� c lines were chosen that did not
interfere with one another, but that were available in the
approximately 35-nm spectral window realized by the
grating dispersion and CCD array. The optimal lines for
analysis were the chromium (I) lines at 359.35 and
360.53 nm and the cobalt (I) lines at 340.51 and 345.35
nm. The optimal LIBS parameters for detection were a
temporal delay of 40 ms with respect to the incident laser
pulse and an integration time of 20 ms. The optimal gas
matrix was air, which provided an approximately factor
of 3 increase in emission signal-to-noise ratio for chro-
mium, and an approximately 50% increase in signal-to-
noise for cobalt, as compared to the pure nitrogen matrix.
Representative LIBS spectra for pure chromium and co-
balt standards are presented in Fig. 2, corresponding to
these optimal experimental conditions. The data corre-
spond to metal concentrations of 1700 mg/m 3, or about
1.5 parts per million on a mass basis.

Once the optimal experimental parameters were deter-
mined, the standard aqueous solutions were used to pro-
duce a set of calibration curves for both pure chromium
and pure cobalt solutions. The actual analyte mass con-
centration in the LIBS sample chamber was calculated
using the predetermined nebulizer mass � ow rate (0.09

mL/min), the total gas � ow rate, and the mass concen-
tration of the analyte in the aqueous calibration solution.
Calibration curves were prepared for analyte concentra-
tions in the sample chamber ranging from 0 to 8000 mg/
m3, which corresponds to an upper limit of about 7 parts
per million on a mass basis. All calibration curves were
highly linear over the chromium and cobalt concentration
ranges, with linear regression coef� cients (R) greater than
0.99.

An additional set of experiments was performed to ver-
ify the independence of the chromium and cobalt atomic
emission signals for mixtures of the two elements. Be-
cause the goal of the present work is to quantify the mass
composition of individual retrieved wear particles, it is
necessary to demonstrate the independence of LIBS-
based analysis speci� cally for cobalt and chromium. In
general, analyte independence is assumed for LIBS-based
analysis of gaseous samples, and it was previously re-
ported that the quantitative analysis of chromium parti-
cles was not affected by the addition of a 20-fold increase
in calcium particles.17 For the present study, known con-
centrations of cobalt and chromium were mixed at ratios
of 1-to-1, 1-to-2, and 2-to-1, corresponding to concentra-
tions within the linear calibration ranges discussed above.
The solutions were analyzed with the LIBS system, and
the chromium-to-cobalt ratios were calculated based on
the analyte emission signals and the respective calibration
curves. The measured LIBS-based chromium-to-cobalt
concentration ratios are plotted in Fig. 3 as a function of
the prepared chromium-to-cobalt mixture concentrations.
The slope is near unity (0.95) and the regression coef� -
cient is 0.999, demonstrating the independence of the co-
balt and chromium atomic emission signals under the pre-
sent experimental conditions.

Analysis of Control Wear Particles. As discussed
above, wear particles were generated from pristine ortho-
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FIG. 3. LIBS-based chromium-to-cobalt mass ratios as a function of
chromium-to-cobalt calibration mixture concentrations.

FIG. 4. Single shot LIBS spectrum corresponding to an individual co-
balt–chromium wear particle.

paedic alloys as control particles. These particles were
analyzed to assess the quantitative analysis of well-de-
� ned alloy particles using the LIBS technique and to in-
vestigate possible effects of the bleach on the cobalt–
chromium particles. Pure deionized water was � rst neb-
ulized through the LIBS system to determine the intensity
ratios of the plasma emission from the region correspond-
ing to the targeted analyte emission lines to adjacent, fea-
tureless continuum regions. These baseline peak-to-base
values were then used to de� ne a suitable threshold value
for the conditional analysis of each LIBS spectrum. The
threshold was used for the identi� cation of spectra cor-
responding to the presence of cobalt–chromium wear par-
ticles in a particular laser-induced plasma. The threshold
was set using a 75% increase above the nominal peak-
to-base values as determined for the DI water only. As
discussed below, the threshold value was set to detect
particles at the shot-noise limit, which also leads to the
collection of ‘‘false’’ hits, namely extreme spectral noise
� uctuations. Such spectra were subsequently rejected
with the � ltering algorithm. The 345.45 and 357.87 nm
emission lines were used for the detection of cobalt and
chromium, respectively.

The control particle suspensions were diluted with DI
water by an additional factor of 1-to-3 prior to analysis.
The additional dilution was performed to reduce the re-
sulting aerosol concentration of wear particles, thereby
reducing the average particle sampling rate (i.e., hit rate)
to approximately 1 to 2% and reducing the possibility of
multiple particle sampling (i.e., two particles in the same
plasma volume). For the DI water suspensions and the
bleach-treated suspensions, eight to ten 1000-shot laser
sequences were performed and all spectra corresponding
to either cobalt or chromium particle hits were saved for
subsequent analysis. Typically, the number of cobalt-trig-

gered particle hits was about 1/3 less than the number of
chromium-triggered particle hits, which re� ects the great-
er than four-fold increase in the peak-to-base of the chro-
mium emission peak as compared to the cobalt emission
peak. All recorded spectra were merged into a common
spectral data set, and duplicate spectra were subsequently
removed.

Figure 4 presents a single-shot LIBS spectrum corre-
sponding to one of the cobalt–chromium particles re-
corded from the DI water suspension. As demonstrated
in the � gure, a single-shot spectrum can be very noisy,
primarily due to the CCD intensi� er shot-noise. The
baseline continuum noise is quite substantial and essen-
tially limits the overall particle analyte mass that can be
identi� ed and analyzed based on the ability to differen-
tiate analyte emission peaks from the noise � uctuations
of the continuum intensity. In order to reduce the effect
of noise in the data analysis, all conditionally identi� ed
spectra (i.e., particle hits) were � ltered using a series of
sorting procedures. For each spectrum corresponding to
a recorded hit, two different atomic emission lines were
analyzed using the respective linear calibration curves for
each element. Speci� cally, spectra were analyzed for
chromium using the 359.35 and 360.53 nm Cr(I) emis-
sion lines and for cobalt using the 340.51 and 345.35 nm
Co(I) emission lines. Each emission line and calibration
curve yielded an equivalent mass concentration (mg/m 3),
which was subsequently used to calculate the analyte
mass as discussed below. Spectra were retained for sin-
gle-shot analysis only if the chromium concentration cal-
culated for the two different chromium lines agreed with-
in a factor of two and the cobalt concentration calculated
for the two cobalt emission lines agreed within a factor
of two. This algorithm was developed earlier and was
found to be a useful approach to rejecting spectra char-
acterized by high noise on any of the relevant emission
lines or atypical spectral line pairs.17 Rejection rates of
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FIG. 5. Histogram of the measured chromium-to-cobalt mass ratio for
the generated control cobalt–chromium wear particle suspension.

single-shot spectra ranged from 20 to 80% in the present
study. It is dif� cult to categorize the rejected spectra as
representative of actual particle hits below the detection
limit or as stemming from shot noise. A careful analysis
of data collection rates for various threshold values and
particle stream conditions would further elucidate this is-
sue but is beyond the scope of the present study. Detec-
tion limits are determined by the analyte signal-to-noise
ratio of a single spectrum; hence, particle sizes approach-
ing the detection limit are more dif� cult to measure and
caution must be exercised when making inferences about
the size distribution near the lower size limit. The most
direct measure of the particle detection limit may be in-
ferred from the typically sharp cutoff of measured par-
ticle size histograms (;200 nm in Fig. 7).

Once the spectra were � ltered, the equivalent mass
concentrations, as based on the respective analyte atomic
emission lines and the mass calibration curves, were used
to determine the quantitative mass composition of each
recorded wear particle. For each atomic emission line, the
absolute analyte mass is obtained from the product of the
equivalent mass concentration (mg/m3) and the laser-in-
duced plasma volume Vp.17 Hence the equivalent mass
concentration x physically represents the actual analyte
mass in the effective plasma volume through the relation

x 5 (analyte mass)/Vp (1)

The current LIBS system was previously calibrated for
the plasma volume for similar experimental parameters,
yielding an effective volume of 2.5 3 1024 cm3,17 which
was used for the current study.

Using this approach, the absolute chromium mass was
then calculated from the average values as based on each
chromium emission line, and the absolute cobalt mass
was calculated from the average values based on the two
cobalt emission lines. These values were used to calculate
the chromium-to-cobalt mass ratio for each individual
wear particle analyzed, as well as the equivalent spherical
particle diameter. Speci� cally, the particle size was cal-
culated based on the total particle analyte mass (de� ned
as the average cobalt mass plus the average chromium
mass) and the overall bulk density of cobalt–chromium
alloy (8.3 g/cm 3). This yields the relationship

1 /3
6(mass 1 mass )chromium cobaltD 5 (2)[ ]pr

where it is noted that this expression neglects the mass
contribution of the other constituent elements present in
the cobalt–chromium alloy. This approximation will
change the equivalent spherical diameters by less than
5% due to the cube-root dependence.

Using the above analysis, it is useful to explore the
variation in the measured cobalt-to-chromium ratios for
single particles. Figure 5 presents a histogram of the dis-
tribution of the chromium-to-cobalt mass ratios for the
control wear particles, namely, the pure water particle
suspension. The Cr/Co mass ratios range from 0.1 to 2.8,
with a mean value of 0.66 and a standard deviation of
0.41. Using Eq. 2, the equivalent spherical diameter was
calculated for each corresponding wear particle. The cal-
culated diameters ranged from 230 to 720 nm, with a
mean particle diameter of 416 nm and a standard devia-

tion of 103 nm. It is noted that the mean diameter of 416
nm corresponds to an absolute chromium mass of about
140 fg and an absolute cobalt mass of 190 fg, demon-
strating the excellent analyte sensitivity of the LIBS tech-
nique for single particle analysis. The wear particles cor-
responding to the bleach suspension were analyzed in an
identical manner. The average chromium-to-cobalt mass
ratio for the bleach suspension was equal to 0.84 with a
standard deviation of 0.68. The calculated equivalent
spherical diameters ranged from 270 to 840 nm, with a
mean particle diameter of 426 nm and a standard devia-
tion of 101 nm. Using a student’s t-test, there was no
statistical difference between the measured particle dis-
tributions of the water and bleach suspensions for a 95%
con� dence interval. Accordingly, it is concluded that the
10% bleach solutions had no impact on the measured
wear particle distributions (i.e., Cr/Co mass ratio and par-
ticle size) as compared to the DI water control particle
distributions.

For comparison with the retrieved orthopaedic wear
particles, as discussed below, it is useful to examine any
size dependency of the measured chromium-to-cobalt
mass ratios for the control wear particles. Figure 6 shows
the variation of the chromium-to-cobalt mass ratio as a
function of the equivalent spherical size for each recorded
particle. Both the water and the bleach particle suspen-
sion data are presented in the � gure. A linear curve � t to
each of the data sets resulted in a � rst-degree equation
with a slope of 0.0006 for the bleach suspension data and
a slope of 0.0008 for the water suspension data, with both
approaching a limiting value of zero slope, indicative of
no size dependence. Overall, the Fig. 6 data reveal that
there is no size dependency for the LIBS-based chromi-
um-to-cobalt mass ratios for the generated control wear
particles.

Because no effects on the wear particle parameters
were caused through deactivation with bleach, the two
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FIG. 6. Ratio of the measured chromium-to-cobalt mass ratio as a func-
tion of the measured equivalent spherical particle diameter for the gen-
erated control cobalt–chromium wear particle suspensions treated with
bleach and water.

data sets presented above were combined into a single
set of wear particle data representative of the cobalt–
chromium wear debris generated via mechanical abrasion
of the bulk alloy stock with the silicon oxide paper. To
provide an independent analysis of the chromium and
cobalt mass fractions within the particle suspension, ad-
ditional measurements were recorded using the ICP-MS
instrument. The ICP-MS measurements provide an av-
erage value of the total cobalt and chromium concentra-
tions; hence, larger wear particles in� uence the measured
concentration values more than smaller particles due to
their larger masses. The mean chromium-to-cobalt mass
ratio was 0.43 with a standard deviation of 0.047 as based
on multiple ICP-MS measurements using different sus-
pension concentrations. This value is in excellent agree-
ment with the range of the Cr/Co mass ratio speci� ed for
the bulk alloy materials, namely 0.42 to 0.48. This agree-
ment is consistent with mass conservation, in that the
total mass of wear debris removed via mechanical abra-
sion was rinsed into the wear particle suspensions. For
comparison with the ICP-MS results, the mean Cr/Co
mass ratio was calculated based on the total set of LIBS
data by weighting each measured particle ratio by the
respective total particle mass. The LIBS-based mean Cr/
Co mass ratio was 0.7, as based on the total of 195 in-
dividual wear particle measurements. The LIBS-based
Cr/Co mass ratio is about 60% greater than the mass ratio
speci� ed for the bulk alloy and veri� ed by the ICP-MS
measurements for the particle suspension. It is noted,
however, that the LIBS result is based on the analysis of
individual wear particles between a size range of 230 and
850 nm, while the ICP-MS data is based on the analysis
of all cobalt and chromium species within the wear debris
suspension. One possible explanation is that the wear
process occurs along cobalt-rich grain boundaries, there-

by producing a bi-modal distribution of wear debris, with
larger wear particles that are chromium-enriched, along
with smaller (i.e., nanometer-sized) cobalt-rich debris re-
leased directly along the fracture boundaries. The smaller
size mode, consisting of cobalt-rich debris, would be be-
low the LIBS detection limits for the cobalt–chromium
particles (;200 nm) for the present study, but still mea-
sured adequately with the highly sensitive ICP-MS tech-
nique. Such a mechanism would explain the difference
in the LIBS-based and ICP-MS results. Additional dis-
cussion regarding cobalt depletion is presented below fol-
lowing the presentation of the orthopaedic wear debris
data.

Analysis of Retrieved Orthopaedic Wear Particles.
Four synovial � uid samples were analyzed in the present
study. Two samples were collected from patients under-
going primary knee arthroplasty. These two samples
served as control samples, as the joints contained no or-
thopaedic implant materials at the time at which the sam-
ples were collected. Two additional samples were col-
lected from patients undergoing revision surgery of total
knee replacements. For both samples, the corresponding
total knee replacement contained a cobalt–chromium
femoral component as the articulating component and an
ultrahigh molecular weight polyethylene insert as the
load-bearing counter surface. The polyethylene inserts
were supported on titanium tibial trays � xed to the tibia
bone without the use of PMMA bone cement.

For LIBS-based analysis as described above, approxi-
mately 5 mL of the processed synovial � uid samples was
placed in the nebulizer reservoir. It was found that a sig-
ni� cant amount of foam was immediately formed within
the nebulizer upon introduction of the nebulizer gas � ow.
Once the nebulizer chamber was � lled with foam, it ef-
fectively blocked or scrubbed the nebulizer output, pre-
cluding the introduction of any wear particles into the
aerosol gas sample stream. Synovial � uid functions as a
viscous lubricant for human joints and is characterized
by a high surface tension resulting in the foaming action
upon pneumatic agitation within the nebulizer. Various
dilutions of the processed synovial � uid samples with
deionized water were explored, along with the use of a
commercial de-foamer; however, no combination was
successful in eliminating the formation of foam for any
reasonable concentration of synovial � uid. The introduc-
tion of synovial � uid to the LIBS sample stream re-
mained intermittent and was highly dependent on the er-
ratic and non-reproducible foam formation processes. Fu-
ture work will focus on the introduction of synovial � uid
to the LIBS sample chamber, possibly using non-recir-
culating nebulizers such as concentric-� ow models typi-
cally used for ICP instruments. A limitation of such mod-
els is the relatively large sample introduction rate, typi-
cally on the order of 1 to 2 mL/min, which would present
problems due to the rather limited volumes of synovial
� uid available.

Sample introduction problems notwithstanding, LIBS-
based analysis was achieved and a number of cobalt–
chromium wear particle hits were recorded for the � rst
revision surgery synovial � uid sample. The same data
� ltering algorithm discussed above was applied to all re-
corded spectral data, yielding a � nal spectral data set cor-
responding to 65 individual wear particles. The spectra
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FIG. 7. Histogram of the calculated equivalen t spherical particle di-
ameter measured for the in vivo generated wear particles.

FIG. 8. Ratio of the measured chromium-to-cobalt mass ratio as a func-
tion of the measured equivalent spherical particle diameter for the in
vivo generated wear particles.

from all identi� ed cobalt–chromium wear particle hits
were analyzed using both of the calibrated chromium and
cobalt atomic emission lines. The absolute chromium and
cobalt masses were then calculated for each particle hit,
along with the chromium-to-cobalt mass ratio and the
equivalent spherical particle diameter using Eq. 2. Figure
7 shows a size histogram of the measured cobalt–chro-
mium wear particles for the � rst revision surgery � uid
sample. The mean size of the measured wear particle size
distribution is 385 nm with a standard deviation equal to
147 nm. The minimum and maximum recorded diameters
were 185 and 800 nm, respectively. For all the single-
particle data, the individual chromium-to-cobalt mass ra-
tios are plotted as a function of equivalent spherical di-
ameter in Fig. 8. The plot clearly shows a signi� cant size
dependency of the chromium-to-cobalt mass ratio of the
wear debris particles. Recall that the bulk composition of
the alloy exhibits a chromium-to-cobalt ratio of approx-
imately 0.44, while the measured Cr/Co mass ratios range
from 0.1 to 11 in Fig. 8. Accordingly, the wear debris
particles exhibit a signi� cant amount of cobalt depletion
with respect to the bulk alloy composition. Although
some cobalt depletion was observed with the mechani-
cally abraded control particles as shown in Fig. 6, com-
parison between the two data sets reveals a signi� cant
size-dependency of the Cr/Co ratio for the retrieved in
vivo generated orthopaedic wear particles as compared to
the control wear particles. Clearly, the size-dependent co-
balt depletion is unique to the in vivo generated wear
debris.

As with the control wear particles, ICP-MS measure-
ments were made of the retrieved wear particles suspen-
sions to provide an average value of the total cobalt and
chromium concentrations. The mean chromium-to-cobalt
mass ratio was 1.3 with a standard deviation of 0.06 as
based on multiple ICP-MS measurements using different
suspension concentrations. For comparison with the ICP-

MS results, the mean Cr/Co mass ratio was calculated
based on the total set of LIBS data by weighting each
measured particle ratio by the respective total particle
mass. The LIBS-based mean Cr/Co mass ratio was 3.5,
as calculated using a total of 65 individual wear particle
measurements. Similar to the trend observed above for
the control particles, the LIBS-based Cr/Co mass ratio is
about a factor of three greater than the mass ratio as mea-
sured using ICP-MS. As noted above, the ICP-MS result
is based on the analysis of all cobalt and chromium atoms
within the wear debris suspension, while the LIBS-based
analysis is based solely on the recorded particle hits with
particles sizes in the range from about 200 to 800 nm.
These data suggest that there is additional cobalt, either
dissolved or present as nanometer-sized particulates, pre-
sent in the processed synovial � uid samples. While the
LIBS and ICP-MS techniques are characterized by dif-
ferent detection limits for the current implementation,
both methods yielded signi� cant depletions in the re-
corded cobalt mass fractions, which are re� ected in the
three-fold increase in the chromium-to-cobalt mass ratio
with ICP-MS analysis and a six-fold increase in the mass
ratio for LIBS analysis of wear particles, as compared to
the pristine alloy ratio.

Limited success was achieved in nebulizing the second
synovial � uid sample corresponding to a revision sur-
gery. Only several spectra were recorded corresponding
to cobalt–chromium particle hits, which after application
of the � ltering algorithm yielded a single wear particle
hit. Analysis yielded an equivalent spherical diameter of
740 nm with a corresponding chromium-to-cobalt mass
ratio of 5.3. This data point is in excellent agreement with
the Fig. 8 data corresponding the � rst set of in vivo gen-
erated wear particle data, corroborating the cobalt deple-
tion with a second implanted joint.

Finally, the control synovial � uid samples collected
from patients undergoing primary knee arthroplasty were
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analyzed. The joints from which the synovial samples
were collected contained no implant materials; hence,
these samples represent control samples and enable as-
sessment of potential particle contamination and false
particle hits. It is noted that the LIBS analysis of the four
synovial � uid samples was conducted using a blind trial,
in that the present investigators did not know which sam-
ples were from control or implanted joints. During data
collection and analysis, no cobalt–chromium particle hits
were recorded for either control sample for approximately
25 000 laser shots. However, approximately six hits were
recorded as triggered on the 308.25 nm aluminum atomic
emission peak. The six spectra were not fully processed
for quantitative analysis of aluminum, but are consistent
with the detection of submicrometer-sized contaminant
aluminum particles. These contaminant particles are sus-
pected to originate from the aluminum base plate and
mounting screws of the nebulizer holder, which form part
of the aerosol stream generation system and are period-
ically removed for cleaning.

RESULTS AND DISCUSSION

In this study the LIBS technique has been evaluated
as a means of providing quantitative elemental mass and
size analysis for single submicrometer-sized (as low as
185 nm) cobalt–chromium wear particles. A key advan-
tage in using the LIBS technique for the simultaneous
analysis of cobalt and chromium is the availability of
multiple atomic emission lines for each element within
an accessible spectral window. Multiple emission lines
enabled the implementation of a spectral data � ltering
process, whereby the ratio of the calculated analyte sig-
nals from two separate emission lines was used to reject
excessively noisy spectra, atypical spectra, or spectra cor-
responding to extreme shot noise. Overall, the current
experimental parameters are well suited for the analysis
of cobalt–chromium wear particles.

The ability of the LIBS technique to provide quanti-
tative measurements of the size and composition of co-
balt–chromium alloys was investigated by analyzing wear
particles generated from pristine alloy samples as well as
in vivo generated wear particles as collected from syno-
vial � uid samples of implanted joints. The LIBS tech-
nique was successful in providing single-particle mea-
surements of the absolute chromium and cobalt mass,
which enabled calculation of chromium-to-cobalt mass
ratios and the equivalent spherical diameter on a particle-
to-particle basis. Absolute cobalt and chromium mass
measurements were made as low as 40 and 20 fg, re-
spectively, corresponding to a particle diameter of ap-
proximately 200 nm. It is noted that the upper limit for
complete dissociation of single particles should be con-
sidered in the current application of quantitative analysis.
An upper size limit of 10 mm is frequently cited in the
LIBS literature, although recent work by the authors sug-
gests a value on the order of several micrometers. None-
theless, the submicrometer-sized particles analyzed in this
study are well within the expected limits for complete
vaporization.

From a practical point of view, all synovial � uid sam-
ples were inactivated in 10% bleach to reduce risks of
infection by bloodborne pathogens. Therefore, the poten-

tial effect of bleach on control cobalt–chromium particles
was also investigated. The particle size distributions and
chromium-to-cobalt mass ratios were calculated and com-
pared for both bleach suspensions and control water sus-
pensions. No statistical differences were recorded be-
tween the two particle suspensions, supporting the con-
clusion that bleach had no particular effect on any of the
wear particles under the experimental conditions, thereby
making bleach inactivation a viable approach for future
experiments.

The primary goal of this work was the implementation
and use of laser-induced breakdown spectroscopy for the
quantitative analysis of metallic wear debris generated
within arti� cial joints; hence, as a pilot study, only a few
synovial � uid samples were examined. A signi� cant
amount of knowledge was gained with regard to the in-
troduction of synovial � uid samples into the LIBS sample
chamber. The current use of a pneumatic-type medical
nebulizer was not optimal for the nebulization of synovial
� uid samples. Speci� cally, the agitation and recirculating
nature of the � uid sample reservoir in the nebulizer com-
bined with the high surface tension of the synovial � uid
solutions resulted in an unacceptable amount of foam for-
mation within the nebulizer. The foam functioned to
scrub the nebulized droplets, thereby eliminating the
steady introduction of wear debris into the co-� ow air
stream for subsequent transport to the LIBS sample
beam. Future research will focus on more reliable means
of introducing synovial � uid samples, including the use
of alternative nebulizer con� gurations.

Based on the current LIBS analysis, the size of the in
vivo generated wear debris ranged from approximately
200 to 800 nm, with a mean diameter of 385 nm. This
data compares very favorably with reported wear debris
data based on microscopy studies of retrieved cobalt–
chromium wear particles. Margevicius et al. report a
mode of the measured distribution function that ranged
from 580 nm (the lower limit of detection) to 790 nm
based on visible light microscopy,9 and Maloney et al.
report a similar value of 700 nm based on scanning elec-
tron microscopy.10 It is noted that visible light micros-
copy is biased toward the largest submicrometer-sized
particles due to the optical resolution of the technique. A
scanning electron microscopy study of retrieved cobalt–
chromium wear debris revealed a modal diameter be-
tween 250 and 500 nm, with approximately half of the
analyzed particles less than 1 micrometer in size.1

For the generated control wear particle suspensions,
single-particle chromium-to-cobalt mass ratios exhibited
a slight increase with respect to the alloy composition
(approximately 0.7 compared to 0.44 for the bulk alloy),
consistent with an overall depletion of cobalt. The deple-
tion of cobalt was much more pronounced in the data set
corresponding to the in vivo generated wear particles. In
addition, the depletion of cobalt in the in vivo wear par-
ticles exhibited a strong correlation with size, with the
larger particles characterized by a more signi� cant deple-
tion in cobalt over an overall size range between 250 and
800 nm. The size dependent nature of the cobalt depletion
suggests that this phenomenon is not associated with sim-
ple cobalt dissolution of wear debris within the synovial
� uid. Such a dissolution process would be dependent on
surface area, and would therefore be expected to exhibit
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an inverse relationship of cobalt depletion with particle
size. The opposite trend was observed with the cobalt–
chromium wear particles. Changes in the chromium/co-
balt mass ratios have been reported previously for ortho-
paedic wear debris, with a number studies reporting the
bulk Cr/Co mass ratio in retrieved tissue samples col-
lected from around the implanted joint.1,23,24 The reported
chromium-to-cobalt mass ratios in these studies ranged
as high as nine, with all of the cited Cr/Co ratio values
exceeding two. More signi� cant to the present study,
electron microprobe elemental analysis was used to an-
alyze retrieved cobalt–chromium wear debris. The results
showed that the cobalt mass fraction was reduced to near
zero values.25 Such a depletion of cobalt observed in the
in vivo generated wear debris samples may provide in-
sight into the tribological wear mechanisms. For exam-
ple, are wear particles produced by failure along cobalt-
rich grain boundaries, thereby generating locally chro-
mium-rich wear particles? A recent study of cobalt–chro-
mium porous coatings on orthopaedic implants revealed
that corrosion behavior consists of a generalized disso-
lution of the cobalt-rich matrix, with preferential attack
of the grain boundaries surrounding the carbides.26 Over-
all, the information rich data produced by single-particle
LIBS-based analysis will hopefully provide bioengineers
with additional knowledge to better understand the com-
plicated processes associated with in vivo wear of metal-
lic components.
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