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a b s t r a c t

Millions of people are stricken with the degenerative joint disease known as osteoarthritis. Osteoarthritis
is associated with biochemical and mechanical processes, and is characterized by loss of articular carti-
lage and hypertrophy of bone. As cartilage and bone particles are released into the synovial fluid, a variety
of biomarkers have been suggested for the analysis of this fluid. Here we have developed a method for
isolating bone and cartilage wear particles suspended in the synovial fluid of the hip, knee and ankle
joints of humans, based on specific magnetization of collagens I and II. Bio-ferrography is used to capture
the particles on glass slides, allowing microscopic, chemical and statistical analyses. The relations
between the level of the disease and the number, dimensions, shape and chemical composition of the
particles were established. The method, which was found to be sensitive and reliable, can easily be
extended to other applications, such as diagnosis of cancer and infectious diseases, determination of
the efficacy of drugs or optimization of implants.

� 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Millions of people [1,2] are stricken with the degenerative joint
disease known as osteoarthritis (OA). The main risk factors for OA
are age, obesity, joint trauma and, sometimes, genetic abnormali-
ties. OA is associated with biochemical and mechanical processes
and is characterized by loss of articular cartilage and hypertrophy
of bone. It is most common in certain joints, namely the knee, hip,
hand and foot, and is the most common reason for total joint
replacement. The clinical symptoms of OA are pain and functional
impairment, including joint stiffness, a restricted range of motion,
tenderness to palpation, crepitus during movement and swelling. If
severe, the pathological changes result in morphological changes,
such as narrowing of the joint space, subchondral bone sclerosis,
formation of osteophytes and metaphyseal cysts [3]. Unfortu-
nately, the symptoms often do not correlate well with the level
of OA as determined radiographically [4,5]. More precise and sen-
sitive measurements, such as magnetic resonance imaging (MRI)
and computed tomography (CT), are still very expensive and not
widely accessible. Therefore, alternative methods are needed that
can detect osteoarthritic changes in the joints at an early stage of
the disease in a reliable, sensitive, objective, quantitative and
cost-effective manner.
ia Inc. Published by Elsevier Ltd. A

+972 3 6407617.
The extracellular matrix of normal articular cartilage is com-
posed mainly of water, collagens and proteoglycans. Collagen II
represents approximately 90% of the overall content of collagen
in the articular cartilage of adults, while being present at minor
concentrations in other tissues [6]. The entire joint is surrounded
by the synovium membrane, which produces the synovial fluid –
a lubricating liquid that supplies nutrients and oxygen to cartilage.
Both the synovial fluid and cartilage contain hyaluronic acid (HA),
which has been claimed to provide lubrication, inhibit the synthe-
sis of prostaglandin E2 (PGE2) and affect cell–cell interactions. HA
levels are reduced in OA joints, thus intra-articular injections of
exogenous HA are provided as compensation [7]. As cartilage and
bone particles are released into the synovial fluid, a variety of bio-
markers have been suggested for analysis of this fluid (as well as of
serum and urine) [3,4,8].

Ferrography is a method of particles separation onto a glass
slide based upon the interaction between an external magnetic
field and the magnetic moments of the particles suspended in a
flow stream. By determining the number, shape, size, texture and
composition of particles on the ferrogram, the origin, mechanism
and level of wear can be determined. The method was developed
by Westcott et al. in the early 1970s to investigate the occurrence
of ferrous wear particles in lubricated dynamic components
[9–11], and has recently been reviewed [12,13]. Its success in engi-
neering systems, allowing early wear detection and preventative
maintenance, has led to its adaptation to other areas. Several feasi-
ll rights reserved.
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bility studies have demonstrated its applicability to the study of ar-
thritic human and sheep joints [14–20]. Ferrography was found to
be very sensitive in monitoring articular erosion, with a resolution
much greater than that of arthroscopy [15]. The main weaknesses
of these studies were: (1) the use of a non-specific magnetization
method (adsorption of the paramagnetic lanthanide cation Er3+)
[21,22], with troublesome precipitation and background deposits
[15,18]; (2) the use of a conventional analytical ferrograph with
near horizontal flow, which reduced the contribution of the mag-
netic force compared with the gravitational and hydrodynamic
forces.

Bio-ferrography (BF) is a recent modification of conventional
analytical ferrography that was specifically developed to allow
magnetic isolation of target cells or tissues [23–26]. It exhibits a
unique combination of strengths compared with other techniques
commonly used in biotechnology (such as flow cytometers and
sorters, high gradient magnetic cell concentration methods, mono-
layer cell preparation systems and automated slide stainers),
including: (1) the ability to quantify biological matter and, at the
same time, analyze its microscopic features; (2) preservation of
the structure and morphology of the captured particles, which
might otherwise not be observed if an acid dissociation step is re-
quired; (3) extremely high selectivity and sensitivity due to a ver-
tical flow; (4) a requirement for less sample manipulation relative
to conventional immunomagnetic separation techniques; (5)
applicability to any liquid sample, including whole blood; (6) sam-
ples as small as 1 ll and target particles as small as several nano-
meters can be analyzed [27]; (7) the possibility to simultaneously
process up to five samples within bracketed areas on a single slide,
without cross-contamination.

So far, BF has been used to track Escherichia coli bacteria at low
concentrations in natural waters [28–30], characterize biofilms
within ships’ water ballast tanks [31], separate breast cancer and
other cells from human peripheral blood [32,33], separate polyeth-
ylene wear debris from hip simulator fluid [34], capture of carbon
nanoparticles produced by a pulsed arc submerged in ethanol [27]
and determination of the role of magnetic minerals embedded in
the comb cells of Vespinae [35].

Here we have developed a method for isolating bone and carti-
lage wear particles suspended in the synovial fluid of human hip,
knee and ankle joints by specifically labeling collagens I and II with
monoclonal antibodies coupled to magnetic beads.
2. Materials and methods

2.1. Extraction of synovial fluids

The tests and protocols were approved by the Helsinki Commit-
tee of Assaf Harofeh Medical Center in October 2004. Synovial fluid
aspirates were drawn from 14 patients in two hospitals, either dur-
ing arthroscopy or during total joint replacement. The aspirates
were stored in a freezer at �19 �C. The pathologies of the patients
can be divided into 10 primary knee OA, 1 secondary knee OA, 2
primary hip OA and 1 secondary ankle OA. The patients were trea-
ted with non-steroidal anti-inflammatory drugs (NSAIDs), mainly
aspirin, to relieve pain and reduce inflammation. Nutritional sup-
plements, namely glucosamine sulfate or chondroitin sulfate, were
also given. Physiotherapy was used to strengthen the muscles
around the joint, increase the range of motion and reduce pain.
Acupuncture was also used for short-term relief of pain.
2.2. Centrifugation of synovial fluids

The synovial fluids were defrosted and then centrifuged to sep-
arate the wear particles from the hyaluronic acid. Saline solution
(0.9% NaCl) was added to each sample test tube using sterile dis-
posable pipettes, equalizing the fluid volume in all tubes. Each test
tube was vortexed for several seconds in order to attain a uniform
solution, using a Stir Mixer 18000 instrument from Tuttnauer Co.
Ltd. When necessary, shaking by hand was used to disintegrate so-
lid aggregates. The test tubes were then centrifuged at 3200 r.p.m.
and 4 �C for 15 min in a Sorvall RT6000B centrifuge. Most of the
fluid above the sediment was withdrawn and saline solution was
added. The centrifugation process was repeated twice more, each
for 10 min. Finally, most of the fluid was withdrawn, 1 ml of saline
was added to each test tube and vortexing was carried out in order
to obtain uniform samples.

Although centrifugation was found to result in the loss of some
wear particles, it was necessary to either make the synovial fluid
less viscous, thus enabling flow through the ferrograph tubing, or
prevent coagulation when ErCl3 was used as the magnetizing
agent. Future work may include seeking ways to eliminate the
need for centrifugation, e.g. dilution of the synovial fluid with dis-
tilled water.

2.3. Magnetic labeling of wear particles

Wear particles were magnetically labeled with commercial
monoclonal anti-collagen I and anti-collagen II antibodies coupled
to nanometric paramagnetic beads. One of the control groups was
magnetized with ErCl3 solution.

Sample manipulation was done using powder-free latex dispos-
able gloves in order to minimize sample contamination. Each of the
centrifuged synovial fluid samples was divided into three Eppendorf
burettes: (1) 0.2 ml sample + 0.8 ml distilled water + 2 ll anti-colla-
gen I mouse antibody + 10 ll goat-anti-mouse magnetic beads; (2)
0.2 ml sample + 0.8 ml distilled water + 2 ll anti-collagen II mouse
antibody + 10 ll goat-anti-mouse magnetic beads; (3) 0.2 ml sam-
ple + 0.8 ml ErCl3 solution (10 mM). The distilled water was pro-
duced using a Milli-DI™ system from Millipore. The antibody
solutions were centrifuged before addition to the burettes in order
to reduce the amount of unused antibody. The anti-collagen I anti-
body was purchased from Sigma (COL-1, product No. C-2456),
whereas the anti-collagen II antibody was purchased from ICN
(Clone II-4CII, product No. 63171). A Biohit Proline micro-pipetor
was used to transfer exact volumes. The goat-anti-mouse IgG MACS
MicroBeads solution was purchased from Miltenyi Biotec (product
No. 130-048-401). The beads were 50 nm in diameter. The ErCl3

powder was purchased from Sigma–Aldrich (product No. 32,559–
7, erbium(III) chloride, anhydrous, 99%) and dissolved in distilled
water.

2.4. Bio-ferrography (BF)

The Bio-Ferrograph 2100 system from Guilfoyle, Inc. [23–26],
which was used in this work, is a benchtop cytometry-based
instrument (Fig. 1a). It utilizes a magnetic field that has maximum
field strength across an interpolar gap, where the collection of
magnetically susceptible particles takes place. The maximum mag-
netic field strength across the gap is 1.8 T. However, the gradient of
that field is maximal at the edges of the gap, where deposition is
concentrated (Fig. 1b). In order to minimize contamination of the
samples by the surroundings, the bio-ferrograph was placed in a
biological safety cabinet (ADS Laminar’s Optimale 12).

The capture (i.e. towards the syringes) flow rate was fixed at
28 ll min�1, which was found to be sufficiently slow to ensure
effective adsorption of antibodies. In all cases, a washing step
was included to remove residues of sample fluid from the cassette.
At an early stage of the work saline solution was used for washing.
However, this resulted in precipitation of salt crystals on the ferr-
ogram, which masked some of the wear particles during scanning



Fig. 1. The principles of bio-ferrography: (a) Bio-Ferrograph 2100 (Guilfoyle, Inc.), the platform used to deposit magnetically tagged particles of cartilage and bone onto a
glass slide [24,26]; (b) the deposition scheme of captured particles on the slide [26]; (c) EDS spectrum from wear particles on ferrograms coated with either gold or copper.
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electron microscopy (SEM) imaging and interfered with the chem-
ical analysis. Hence, a change to washing with distilled water was
made. The fragile glass substrate (ferrogram) was removed from
the remaining parts of the cassette by means of a dedicated vac-
uum hold-down unit (Fig. 1a). Finally, it was allowed to naturally
dry for several minutes inside the safety cabinet.
2.5. Staining

At an early stage of the work several staining protocols were
evaluated. These included a fluorescent antibody (fluorescein
(DTAF)-conjugated AffiniPure rabbit anti-mouse IgG (H + L) from
Immuno Research Laboratories) as well as different dyes (Alcian
Blue for cartilage, Alizarin Red and Von Kossa for bone). The fluo-
rescent antibody was found not to be useful because part of it con-
jugated the magnetic beads, thus introducing fluorescence around
beads that were not linked to wear particles. It was also found that
ErCl3 magnetized the fluorescent antibody, thus introducing over-
all fluorescence and masking the glare of wear particles. The ErCl3

solution also reacted with Alizarin Red and Alcian Blue, introducing
background staining. In the presence of magnetic beads the sur-
rounding tissue, and sometimes the glass slide, was stained, thus
masking the wear particles. A possible explanation for these inter-
actions is suggested. Alcian Blue has a positive charge and com-
petes for the same anionic sites, mainly proteoglycans in the
cartilage matrix, as the erbium cation. Therefore, a sufficiently high
quantity of either Alcian Blue or ErCl3 will block the other. Alizarin
Red has a negative charge and stains bone by bonding to the cal-
cium cation in hydroxyapatite (HAp). However, due to its opposite
charge it may bond to Alcian Blue, if they are mixed together. The
erbium cation may behave as an ‘‘improved” calcium cation, hence
its presence may significantly increase staining by Alizarin Red. If
sufficient erbium magnetizes cartilage, staining by Alizarin Red
may occur, giving the wrong impression of a bone particle. The
Von Kossa stain was found to be non-specific; it seemed not to
mark wear particles in a clear manner.

2.6. Validation of bio-ferrographic observations – controls

The size and morphology of wear particles captured in this
study were compared with those typical of dust, aerosols and pol-
lution particles. Images of typical pollution particles were reported
by Bowen and Westcott [36]. In addition, a ferrogram prepared by
running distilled water without synovial fluid revealed neither a
capture band nor any particles similar to those captured from
synovial fluid. Based on these comparisons, it was concluded that
the source of the captured particles in this study was the synovial
fluid (and not the room environment, water system, etc.).

2.7. Scanning electron microscopy (SEM)

Most of the characterization was done in a JEOL JSM-6300
microscope. Complementary characterization was carried out in a
JEOL JSM-5600 microscope, as well as in a FEI Quanta 200 environ-
mental scanning electron microscope. The attached energy disper-
sive X-ray spectroscopy (EDS) was used for chemical analysis. Most
particles smaller than 5 lm were not characterized due to limita-
tions of the sampling volume (‘‘onion”) in EDS analysis. Bone is
composed of inorganic (mineral) and organic constituents, the for-
mer representing around 69 wt.% of wet cortical bone. The primary
inorganic constituent of all mammalian skeletal tissues is apatite,
mainly HAp (Ca5(PO4)3(OH)) [37,38]. Hence, calcium (Ca) and
phosphorous (P) may be used in chemical analysis to identify bone
particles (Ca/P = 1.67 in stoichiometric HAp and around 1.60 in
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biological HAp) [16]. Articular cartilage is a type of hyaline
cartilage. This tissue consists of chondrocytes embedded in an
extracellular matrix (ECM), whose two primary load-bearing
macromolecules are collagen II and the chondroitin sulfate proteo-
glycan ‘aggrecan’ [37]. Due to its aggrecan content, cartilage nor-
mally contains appreciable amounts of sulfur (S), although these
decline markedly in arthritic lesions [16,39]. The zone of calcified
cartilage forms an important interface between cartilage and bone
in transmitting force, attaching cartilage to bone and limiting dif-
fusion from bone to the deeper layers of cartilage [39]. It contains
Ca and P in addition to S [16]. To summarize, a high S content is ex-
pected in cartilage particles, a high Ca content is expected in bone
particles and a high content of both elements is expected in calci-
fied cartilage. SEM imaging first required coating the ferrogram
with a conductive coating. During the work it was found that the
Ma peak of gold (Au) masked the Ka peak of S (as well as other rel-
evant peaks, such as P). The gold coating also resulted in suppres-
sion of Ca and Mg peaks compared with the background. Similar
effects have been reported for characterization of dust particles
[40], but were nevertheless overlooked in all previous reports on
ferrography as well as in many papers dealing with bone and car-
tilage particles in general. Copper (Cu) coating was found to be a
successful alternative, revealing S and P peaks that were otherwise
masked (Fig. 1c). Copper sputtering was done for 13–18 s at 100 W
under an argon atmosphere at a pressure of �10�2 torr. The result-
ing coating was 150–200 Å thick. The first stage was to construct
an atlas of biological wear particles, equivalent to that used for
engineering systems in aircraft [36]. All particles were sorted into
one of the five following shapes: chunky, platelet, rod-like, fibers or
irregular shapes.

2.8. Numeric description of wear particles and statistical tests

The area (A), perimeter (P) and length (L) [18,41] of each particle
were measured on SEM binary images by means of analySIS Docu
v. 3.2 software from Soft Imaging System GmbH. The width (W),
shape factor (SF), elongation (D) and roundness (R) were subse-
quently calculated from the relations [41]:

W ¼ 4A
pL

ð1Þ

SF ¼ 4pA

P2 ð2Þ

D ¼ L
W

ð3Þ

R ¼ 4A

pL2 ð4Þ

ANOVA parametric statistical tests were performed with the aid of
SPSS v. 11 software.

2.9. Light microscopy

An Olympus model IX71 inverted microscope with bichromatic
illumination, adapted for both biological and metallurgical sam-
ples, was used. Imaging was done under bright field illumination,
polarized light and differential interference/Nomarski contrast
(DIC). Because some of the biological matter is transparent to vis-
ible light, bright field illumination is insufficient. Imaging under
polarized light adds information on the optical activity of different
particles, and has become widespread in the study of cartilage (all
fibrous structures are birefringent objects; cartilage is a very non-
homogeneous and anisotropic tissue). The Nomarski image allows
differentiation between particles with different chemical composi-
tions thanks to the different colors observed. Most images were ac-
quired at 200�magnification. Samples that did not require further
SEM/EDS analysis were preserved by drying the ferrogram with xy-
lene, dripping on several drops of Entellan New from Merck (prod-
uct No. 107961) and bonding to a Menzel-Glaser SuperFrost Plus
slide, which served as a coverglass.
2.10. Induction coupled plasma atomic emission spectroscopy (ICP-
AES)

Four samples of synovial fluid from three different patients
were analyzed with a Spectroflame EOP FSPEA83C system from
Spectro Analytical Instruments in order to determine the composi-
tion of the synovial fluid before and after centrifugation. Sample
preparation consisted of either oxidation (in a solution of nitric
acid with hydrogen peroxide) or more aggressive microwave irra-
diation (at 170–180 �C and 200 atm). The concentrations of differ-
ent elements in the fluid were determined through calibration
with certified single element reference standards containing differ-
ent concentrations of the elements of interest. The ICP-AES tests
showed that Na, K, Ca, S, Zn, P, Mg, Fe, Cu and Al were present in
the as-drawn synovial fluid and that centrifugation resulted in a
decrease of more than one order of magnitude in the concentra-
tions of Ca, P and S. For example, when preparing the sample by
etching, the Ca, P and S concentrations were decreased from
24.2, 21.9 and 167.2 ppm to 1.6, 0.8 and 9.5 ppm, respectively, as
a result of centrifugation. An example of the Ca and S signals from
one of the synovial fluid samples after centrifugation and micro-
wave irradiation is shown in Fig. 2, in comparison with the signals
from different calibration solutions.
2.11. Radiological assessment

The radiological assessment was conducted in hospitals, inde-
pendently of the work in the laboratory, and its results were pro-
vided by orthopedic specialists at the end of the research, to
avoid any possible bias in ferrographic evaluation.
3. Results and discussion

Bio-ferrography was used to capture the particles on glass
slides, allowing microscopic, chemical and statistical analysis.
Fig. 3 shows typical SEM images of bone particles captured due
to their collagen I content, cartilage particles captured due to their
collagen II content and cartilaginous particles captured due to their
collagen I content. Light microscopy images of some of the parti-
cles are also shown. Bone particles were mostly angular, with
either a crystalline or spongy appearance; the latter may be attrib-
uted to the trabecular structure of bone. Most of them were char-
acterized under polarized light by high optical activity, which may
be related to their crystalline structure. The shape of cartilage wear
particles may be related to their origin within the tissue [42]. For
example, it is expected that wear of the surface layer of cartilage
(lamina splendens), which consists of collagen leaves with no
bridging fibrils, will generate platelet particles in patients with a
lower grade of OA [18]. Such particles exhibited low optical activity
(bluish-silvery color). In contrast, chunky particles will be gener-
ated in patients with a higher grade of OA from the deeper zones
of cartilage, where a network of bridging fibrils exists. During ad-
vanced stages of the disease irregular shapes are also common
[18].

The origin of each particle was determined based on its chemi-
cal composition and the channel on the ferrogram on which it was
captured as follows.
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Fig. 2. ICP-AES signals of Ca and S in synovial fluid after centrifugation and microwave irradiation, in comparison with the signals from different calibration solutions.
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1. Particles rich in Ca and in collagen I: subchondral bone
fragments.

2. Particles rich in Ca and in collagen II: the interface between sub-
chondral bone and calcified cartilage.

3. Particles rich in S and in collagen II: articular cartilage
fragments.

4. Particles rich in S and in collagen I: repaired cartilage, calcified
cartilage, degenerate cartilage, synovium or meniscus frag-
ments (the latter is relevant to knee joints only). These particles
were referred to as ‘‘cartilaginous particles”.

5. Particles containing neither Ca nor S (typically consisting of
only Mg, P or C): uncertain origin.

The Mg-rich particles could have formed during either biochemical
dissolution of bone or selective precipitation from body fluids. ICP-
AES measurements proved that Mg was present in the synovial
fluids of these patients, as drawn. It has been reported that magne-
sium whitlockite may play a pathological role in arthritis [43,44].
Magnesium has been detected in the synovial fluids of patients suf-
fering from either OA or rheumatoid arthritis [45]. Thus, further in-
depth characterization of these particles may shed more light on
the biochemical processes involved in arthritis. Regarding particles
rich in Ca and in collagen II, Oegema et al. suggested that the bio-
mineralization process is accompanied by a significant drop in the
content of proteoglycans [39], which is expected to result in a
decrease in the concentration of S compared with Ca. The minimal
Ca/S mass ratio of an unambiguously identified bone particle was
4.08 (when taking into account also P and Mg). As Mg and P were
present in most particles captured based on either collagen I or col-
lagen II, they could not be referred to as indicative of the bone min-
eral. A mass ratio Ca/S < 1.0 was found to be representative of
cartilage particles. Finally, in some cases amorphous deposits with
no optical activity were observed on the ferrograms, mainly within
flow channels with anti-collagen I antibody. These deposits were
identified as fragments of the synovial tissue, which is known to
contain both collagen I and collagen III [16].



Fig. 3. Typical wear particles isolated from the synovial fluid of humans, as observed by SEM and light microscopy. (a) Bone particles rich in collagen I (9 images); (b) cartilage
particles rich in collagen II (8 images); (c) cartilaginous particles rich in collagen I (4 images). Numbering from top left to bottom right: images a1, a3, b1, b3 and c1 are light
microscope images. All other images are SEM images.
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The Kellgren and Lawrence scheme was used to grade the sever-
ity of OA based on radiographs, from 0 (normal) to 4 (most severe)
[46]. The average area, maximal area, average length and maximal
length of cartilage particles (category 3) were found to increase as
the level of OA increased (Table 1). Ferrograms of patients that
were graded as Kellgren 4 contained a significantly higher number
of cartilage wear particles. For each grade of OA there were always
fewer bone particles than cartilage particles (Table 1). The number
of bone particles was significantly higher in the case of Kellgren 4
than in lower grades of OA. In the case of Kellgren 1 no bone par-
ticles were detected. The average length and average shape factor
Table 1
Correlations between the grade of osteoarthritis and the number, dimensions
particles captured based on collagen I.

Kellgren grade No. of particles Area (lm2)

Average Range

Cartilage
1 24 307.3 38.4–923.0
2 92 491.8 1.4–4800.7
3 29 512.6 2.1–6779.8
4 156 648.8 7.4–8768.0

Bone
1 0
2 17 155.2 9.2–750.6
3 3 478.1 32.8–977.3
4 62 437.0 5.7–6534.2
of bone particles increased with the severity of disease. Thus, the
assessment of natural joint degradation by BF was usually sup-
ported by the clinical diagnosis. Nevertheless, in several cases the
high sensitivity of BF enabled detection of wear particles in the
synovial fluid which were not expected based on arthroscopic eval-
uation. This may be explained by the higher magnification at which
the particles were observed on the ferrogram and by the higher
sensitivity of monitoring separate wear debris compared with
inspection of a bulk material.

The number of wear particles captured in this research by
means of BF and specific labeling of target collagens was much
and shapes of cartilage particles captured based on collagen II and bone

Length (lm) Shape factor

Average Range Average Range

27.9 9.7–52.3 0.44 0.08–0.75
32.9 1.4–132.8 0.48 0.11–0.83
35.0 1.8–185.6 0.49 0.07–0.90
37.1 4.3–234.0 0.48 0.11–0.87

18.5 4.9–67.5 0.44 0.24–0.85
30.8 9.4–45.1 0.45 0.35–0.57
33.5 3.1–309.8 0.51 0.09–0.83



Fig. 4. Quantitative image analysis and statistical analysis of wear particles captured by bio-ferrography (n = 751). (a) Distribution of the particle shape factor
(mean ± SD = 0.481 ± 0.182, min = 0.0, max = 0.9); (b) distribution of the particle roundness (mean ± SD = 0.503 ± 0.190, min = 0.0, max = 1.0); (c) distribution of the particle
area after logarithmic transformation (mean ± SD = 2.255 ± 0.643, min = 0.13, max = 4.59); (d) distribution of the particle length after logarithmic transformation
(mean ± SD = 1.350 ± 0.371, min = 0.16, max = 2.79); (e) distribution of the particle perimeter after logarithmic transformation (mean ± SD = 1.855 ± 0.371, min = 0.66,
max = 3.19); (f) distribution of the particle width after logarithmic transformation (mean ± SD = 1.009 ± 0.304, min = 0.08, max = 2.14); (g) distribution of the particle
elongation (mean ± SD = 2.642 ± 2.947, min = 1.0, max = 42.8).
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higher compared with the numbers in previous studies in which
conventional analytical ferrography and non-specific labeling by
ErCl3 were used [15,18]. In those studies the statistical analysis
was consequently limited.

The size of wear particles captured in this research, on the other
hand, was smaller than in previous studies. A possible reason for
this difference is the absence of a masking effect of salt crystals
(e.g. NaCl from saline or ErCl3), as well as of Au deposition on the
ferrogram before SEM imaging in the present study. In addition,
the effect of instrumentation and the associated deposition scheme
should be taken into account. In conventional analytical ferrogra-
phy three types of forces act on the suspended particles: magnetic,
hydrodynamic (drag) and gravitational. Depending on the size of
the particles, they may behave either as saturated magnetically
(small particles) or as soft magnets (large particles). In addition
to the magnetic force tending to accelerate the particles, drag
forces retard their motion. The magnet of the ferrograph was de-
signed to develop an extremely high gradient of magnetic field
near the magnet poles. The ferrogram was mounted at a slight an-
gle to the horizontal, with the entry end elevated so that the fluid
flowed downward. Because the distance from the magnet to the
substrate was slightly greater at the entry side than at the exit side,
the magnetic field strength was weaker at the entry side, causing
only the largest (magnetically affected) particles to deposit. Farther
down the ferrogram the progressively stronger magnetic field
deposited progressively smaller particles [9,13]. In contrast, in
bio-ferrography a stronger magnet is used, the flow is vertical
and the ferrogram is very thin (thus, the deposition surface is close
to the interpolar gap). A very high magnetic flux density was estab-
lished at the interpolar gap, generally around 1.8 T. The vertical



Table 2
Statistical comparisons between the numeric shape parameters for different shapes of
wear particles.

Numeric shape
parameter

Shape 1 Shape 2 Significance (P)

Log area Chunky Rod-like 0.342
Plate 0.000
Fiber 0.000
Irregular shape 0.000

Rod-like Chunky 0.342
Plate 0.040
Fiber 0.000
Irregular shape 0.340

Log perimeter Chunky Rod-like 0.012
Plate 0.000
Fiber 0.000
Irregular shape 0.000

Log length Chunky Rod-like 0.000
Plate 0.000
Fiber 0.000
Irregular shape 0.000

Log width Plate Chunky 0.000
Rod-like 0.000
Fiber 0.416
Irregular shape 0.184

Shape factor Chunky Rod-like 0.000
Plate 0.001
Fiber 0.000
Irregular shape 0.000

Plate Chunky 0.001
Rod-like 0.000
Fiber 0.000
Irregular shape 0.000

Roundness Chunky Rod-like 0.000
Plate 0.000
Fiber 0.000
Irregular shape 0.000

Plate Chunky 0.000
Rod-like 0.000
Fiber 0.000
Irregular shape 0.000

Fig. 5. Univariate ANOVA revealing the correlation between the chemical compo-
sition and shape of wear particles captured by bio-ferrography and the Kellgren
grading of osteoarthritis.
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flow separated the vertical gravitational force from the nearly hor-
izontal magnetic force, so that only the latter acted to retain mag-
netic particles moving downward through the flow chamber
[23,25]. This deposition scheme resulted in elimination of gradual
deposition of particles according to their size, while providing
higher sensitivity and an ability to capture smaller particles (with
lower magnetic moment).

For further statistical analysis the shapes of the distributions of
the particles’ area, length, perimeter, width, elongation, roundness
and shape factor were determined (for n = 751 wear particles).
While the shape factor (Fig. 4a) and roundness (Fig. 4b) exhibited
normal distributions, the area, length, perimeter and width plots
required logarithmic transformation in order to obtain normal dis-
tributions (Fig. 4c–f). The elongation (Fig. 4g), on the other hand,
did not behave normally either before or after transformation.

One-way ANOVA tests of different particle shapes, followed by
Scheffé post-hoc test, revealed differences in the measured shape
parameters. The maximal area of chunky particles was 2.5 times
larger in patients graded as Kellgren 4 than in other patients. The
average area and maximal area of platelet particles were approxi-
mately twice as large and the minimal area 3.3 times larger in pa-
tients graded as Kellgren 4. The maximal area of rod-like particles
was 2.7 times larger and the minimal area 4.4 times smaller in pa-
tients graded as Kellgren 4. These results represent a wider range
of shape parameter values in patients graded as Kellgren 4 com-
pared with other patients. The maximal area of fiber particles
was 1.5 times smaller and the minimal shape factor 1.7 times lar-
ger in patients graded as Kellgren 4. In the case of irregular shaped
particles no significant differences in shape parameters were ob-
served in patients with different levels of OA. Some of the signifi-
cant differences that were observed in shape parameters are
summarized in Table 2.

One-way ANOVA tests, followed by a Scheffé post-hoc test, al-
lowed a distinction between the characteristic shape parameters
of bone and cartilage/cartilaginous particles. The area, perimeter
and width of cartilage/cartilaginous particles were significantly
different from those of either particles of uncertain origin or bone
particles (P < 0.01). The roundness of the cartilage/cartilaginous
particles was significantly different from that of bone particles
(P < 0.01).

Univariate ANOVA showed that, as the level of OA increased
bone and chunky (as well as rod-like) cartilage particles became
more prominent (Fig. 5). It is evident that bone particles are gener-
ated at a higher grade of disease compared with cartilage particles.
This was expected because at higher grades of the disease there
was less cartilage present overall, hence the contacting surfaces
were much less cartilage on cartilage or even cartilage on bone
and much more bone on bone. It is also evident that chunky carti-
lage particles are related to higher grades of OA compared with
platelet cartilage particles, in accordance with the three-dimen-
sional architecture of collagen [42]. The trends for particles of
uncertain origin, which were more similar to those of bone parti-
cles than to those of cartilage, support the hypothesis that the
source of Mg-rich particles was bone.

In summary, we have developed a protocol for isolating bone and
cartilage wear particles suspended in the synovial fluid of the hip,
knee and ankle joints of humans, based on specific magnetization
of collagens I and II and using bio-ferrography. Future extension of
this research may include the use of more specific biomarkers, such
as matrix metalloproteinases, interleukins, prostaglandins, telopep-
tides, cartilage oligomeric matrix protein (COMP) and neo-epitopes
[3,4,8]. The combination of multiple markers holds the promise of
increasing disease or tissue specificity. Other possible extensions
include the study of the morphological and chemical changes in
repaired cartilage compared with articular cartilage, in-depth inves-
tigation of the particles of uncertain origin in an attempt to better
understand the underlying processes in osteoarthritis, comparison
between primary and secondary OA and controlled animal studies
of homogeneous test groups and healthy joints. The latter will en-
able the elimination of any possible effects of medication and phys-
ical therapy. Although the procedure was demonstrated for
osteoarthritis, it can easily be applied to the investigation and diag-
nosis of other joint diseases. There is also great interest in developing
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new diagnostic techniques for cancer and infectious diseases. Such
techniques should ultimately be helpful in studying the processes
and underlying mechanisms of the diseases, and should involve
minimum discomfort to the patient. Bio-ferrography satisfies these
needs. It could also be very powerful in determining the efficiency of
drugs and other clinical treatments in a sensitive, objective and
timely manner. For example, we have recently completed a study
of the efficacy of hyaluronan injections in treating osteoarthritic hu-
man knees. The technique could also be powerful in monitoring the
wear of artificial joints, either in service or during the development
stage, in which different materials and geometries are considered.
Excessive wear often causes pain following arthroplasty. The latter
two applications have also been studied in our laboratory. Finally,
the principles of bio-ferrography may be integrated into a microflui-
dics platform combined with non-magnetic detection techniques in
order to further improve the sensitivity and selectivity of the tech-
nique, allow for simultaneous analysis of more samples and make
it portable.
4. Conclusions

A method for isolating bone and cartilage wear particles sus-
pended in the synovial fluid of the hip, knee and ankle joints of hu-
mans, based on specific magnetization of collagens I and II, was
developed. Bio-ferrography was used novelly to capture the parti-
cles on glass slides, thus allowing microscopic, chemical and statis-
tical analysis. The relations between the level of the disease and
the number, dimensions, shape and chemical composition of the
particles were established. The method, which was found to be
sensitive and reliable, can easily be extended to other applications,
such as the diagnosis of cancer and infectious diseases, determina-
tion of the efficacy of drugs or optimization of implants.
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Appendix A. Figures with essential color discrimination

Certain figures in this article, particularly Figures 1, 2, 4, and 5,
are difficult to interpret in black and white. The full color images
can be found in the on-line version, at doi:10.1016/j.actbio.2010.
06.003.
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