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Abstract. The study of lubrication of synovial joints (articulated joints, such as hip, knee and ankle) has been done from the
beginning of last Century till today, without any definitive explanation about the superb mechanism of lubrication of these joints. In
terms of tribology, the main characteristics of synovial joints are the low wear associated with the low friction. These
characteristics can be easily observed due to the fact that the most of people can live without any damage in their joints during their
lifetime. An interesting feature of this lubrication mechanism is the composition of synovial fluid, the natural lubricant of synovial
joint, which is water-based. Water is quite accessible, but it has a very low capacity to support loading. However, nature solves this
problem with biological additives, such as proteins, glycoproteins, lipids and others. These additives improve the Ilubrication
properties of the synovial fluid. Several researches have been done in order to understand this mechanism of lubrication with a
focus on the synovial fluid and the bearing surfaces (articular cartilage). The biomimetics is the major aim of the most of researches
of biotribology of synovial joint, i.e., the reproduction of the best characteristics of synovial joints in different applications in the
industry. Among these fields of application, the research of functionalized biomaterials for prosthesis, especially hip implants, has
increased in the last years. The lifetime of a hip implant is around 20 years, which was quite reasonable 50 years ago, when the
firsts prosthesis were developed. However, nowadays, the increase of amount of younger patients has required the increase of
lifetime of these prostheses. In this study, techniques based on evanescent waves and fluorescence has been introduced as a tool for
the analysis of the surface of articular cartilage and hip implants. Evanescent waves are very sensitive to changes in the refractive
index of different mediums. Based on this feature of evanescent waves, a device was developed which allows carrying out
measurements of friction with detection of changes in the evanescent waves simultaneously. Tests were carried out with specimens
obtained from pigs (6 months of age and about 100kg) and with different test parameters (load, sliding velocity and others).
Analysis of the results has shown that articular cartilage can keep a reasonable amount of water on the surface because of the
hydrophilic molecules called as proteoglycans. Also, this hydrated layer on the surface could be responsible for the low friction and
low wear of cartilage. Based on the results, it has been supposed that the proteoglycans could not be adsorbed onto the articular
surface. However, they could be exposed from the internal structure of articular surface, since proteoglycan is one of the
components of the solid matrix of articular cartilage. About the experiments with hip implants, techniques based on the fluorescence
were used. Some components of synovial fluid (albumin and glycoprotein) were labeled with ATTO Dye 488 and 565 (Sigma
Aldrich) in order to evaluate the adsorption of them onto the surface of alumina (A1,0;3), CoCrMo and UHMWPE (Ultra High
Molecular Weight Polyethylene), which are the most common biomaterials used for hip implants. Results have shown a transfer of
polymeric film onto the CoCrMo and a continuous exchange of protein during the friction tests for alumina samples. It means that
the proteins are not strongly adsorbed onto the alumina surface, and hence, none protective superficial layer of protein is observed.
High friction has been observed when albumin is tested isolated from other components of synovial fluid. On the other hand,
glycoprotein, which is very hydrophilic, has decreased the friction, which could be an indicative that water plays an important role
on the lubrication for both articular cartilage and hip implants. The high friction due to the albumin was not completely understood.
One hypothesis is based on the denaturation of albumin due to the hydrophobic surface of polyethylene, which could increase the
roughness of the surfaces. These techniques based on evanescent waves and fluoresce has been very useful for the analysis of
adsorption during tests of friction and could be useful in new experiments in order to understand the mechanism of lubrication of
synovial joints and hip implants. This work was done in Kyoto University - Japan and in Federal Institute of Technology of
Switzerland (ETH) - Zurich. The author would like to express his gratitude for these two Universities.
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1. INTRODUCTION

Synovial joints are involved in the most part of movements undertaken by the human body. Shoulder, elbow, wrist,
fingers, hip, knee and ankle are some examples of synovial joints. The term synovial is derived from the Greek word
syn ovia that means “like the egg” and is associated with the liquid found in the synovial joints, the synovial fluid,
which has an appearance and consistency that resembles the egg white (Buchanan and Kean, 2002). This fluid is
responsible for the lubrication and transport of nutrients to the joints (Maroudas, 1975). Synovial fluid is a water-based
lubricant. Although water has a low capacity to support loading, synovial fluid has some biological additives that
improve the lubrication characteristics of this fluid. These additives are proteins (around 80%), glycoproteins, lipids and
others components.

One remarkable characteristic of the synovial joints is their superb mode of lubrication, which is responsible for the
long durability of these joints. Synovial joints are capable to working with low friction and wear under severe
conditions from the lubrication standpoint (Unsworth, 1995). Usually, the lower joints (hip, knee and ankle) work
mainly in hydrodynamic lubrication regime, when the sliding speed is high and loading is low. However, in the stance
phase of locomotion, loads are quite high and sliding speed becomes low, when the boundary lubrication is dominant.
Under these conditions, lubrication is very poor due to the contact of the articular cartilage, the bearing surface of
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synovial joints. Several researches have been done in order to understand the mechanism of lubrication of synovial
joint, with a special focus on the articular cartilage (bearing surface) and synovial fluid (lubricant). Articular cartilage is
a specialized connective tissue consisting of two phases: porous-solid (20 to 30% of wet weight) and liquid (70 to 80%
of wet weight) (Woo et al., 1987). In the solid phase, collagen fibers are arranged in a network with proteoglycans and
chondrocytes. Proteoglycans are negatively charged under physiological conditions (Wu and Herzog, 2002) and they
have hydrophilic properties that are associated with the high water contents of articular cartilage (Laasanen et al., 2003).
Electrostatic repulsion forces between these proteoglycan are known to provide above 50% of the equilibrium
compressive modulus of cartilage (Buschmann and Grodzinsky, 1995).

In summary, substances present in articular cartilage (Pickard et al., 1998) and synovial fluid (Mabuchi et al., 1999),
and mechanical functions of articular cartilage (Wang et al., 1997; Krishnan et al., 2003) are the main factors
investigated in order to clarify this mechanism of lubrication. Although articular cartilage has excellent tribological
characteristics, some failures can take place in elder people because cartilage has a minimal ability to recovery from
damages. The absence of blood vessel and nerves is one of the reasons for this limitation (Hanziker, 2001). Depending
on the degree of damage, an implant surgery is unavoidably necessary. This kind of surgery should not be a problem
because of the modern implant that can work for about 20 years. However, nowadays, the amount of younger patients
has increased and it requires a new superior limit for the lifetime of implants, which must be at least 30 years.

The main challenge is the development of new implants with improved wear resistance and low friction. The
biomaterials commonly used for implants are ceramics (alumina: Al,O;), polymers (Ultra High Molecular Weight
Polyethylene: UHMWPE) and metal alloys (CoCrMo). The understanding about how natural synovial joints work
would be very useful to this end. In other words, the identification of which factors would play a crucial role for an
efficient lubrication would be helpful. However, there are some limitation for a successful research and analysis of
lubrication in artificial and natural joints.

One of these limitations is the surface analysis of articular cartilage and biomaterials. The high contents of water on
the surface makes difficult the detection or identification of articular surface and hence, changes hardly can be detected.
This is an inherent problem of living tissues. The challenge is to analyze the articular surface, which may assist in the
elucidation of the mechanism (or mechanisms) of lubrication of the articular cartilage. Also, the improvement of the
tools for surface analysis in hip implants could be very useful in order to understand the effect of components of
synovial fluid and the friction mechanism.

In this work, two methods for surface analysis of articular cartilage and biomaterials for hip implants are presented,
which are based on evanescent waves and fluorescence, respectively. The results of friction tests were analyzed with the
results obtained from the analysis of the surfaces of materials.

1.1. Evanescent waves and fluorescence microscopy

Techniques for the recognition of substances using the evanescent waves have been widely applied on the biological
researches (Ksenevich et al., 1996; Challener et al., 2000; Ahmad and Hench, 2005). Evanescent waves are a kind of
electromagnetic waves that propagate from an interface where a light undergoes total internal reflection and decay
exponentially as the distance from the interface increases (Henkel et al., 1999), as can be seen in Figure 1.
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Figure 1. a) Total Internal Reflection and b) Frustrated Total Internal Reflection. »; (i=1,2) represents the refractive
index of medium i, & is the angle of incidence, ... 1S the critical angle and d is the maximum thickness of the gap
between the medium 1 and substances with refractive index n; for the occurrence of frustrated total internal reflection

Total internal reflection occurs when the medium where the light is derived (medium 1) has a refractive index (n;)
larger than the other medium (n,) at the interface, and the angle of incidence (8) must be larger than the critical angle
(Okiitica)- The critical angle is calculated using the following equation Eq. (1):
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Where 7, and n, correspond to the refractive indices of the medium 1 and 2, respectively.

From this equation (Eq. 1), it is possible to perceive that the refractive index of the medium where the light is
derived (n;) must be larger than that of the other medium (n;). Even so the parameters, such as refractive indices and
the angle of incidence, are adjusted for the total internal reflection, the reflected light can suffer attenuation due to the
interaction of the evanescent waves with substances near the interface, as can be observed in Fig. 1.b. These substances
must have a refractive index (#;) higher than the refractive index of the gap (n,) that separates them from the interface
(Stahlhofen, 2000). The thickness of this gap (d) is in degree of incident wavelength light, that is, at nanometer order
(Papathanassoglou and Vohnsen, 2003).

This phenomenon is known as frustrated total internal reflection and the attenuation of reflectance depends on the
refractive indices of the involved mediums (n;, n,) and the additional substances (3), the wavelength of light and the
angle of incidence of light (Zhu et al., 1999). For the application of this principle in the analysis of the articular surface,
it is necessary to define what kinds of substances could be found in articular surface. Articular cartilage is basically
divided into two phases: liquid and solid. The water and the collagen fibers are the most abundant components of the
liquid and solid phases (Woo et al., 1987) of articular cartilage, respectively.

Therefore, when a specimen of articular cartilage is placed on the interface (in the medium 2 of Fig. 1), the
frustrated total internal reflection occurs due to the refractive index of collagen, about 1.46 (Drezek et al., 1999), is
higher than that of the water and saline (1.33 and 1.34, respectively), the possible constituents of medium 2.
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Figure 2. Mechanism of attenuation of the reflectance due to the presence of collagen fibers near the interface. I; and R;
represents the incident and reflected light at the region i, respectively

Figure 2 illustrates the mechanism of attenuation of the reflectance due to the presence of collagen fibers near the
interface between the articular cartilage and a glass (BK-7, n = 1.51). Assuming that the wavelength of light is 632.8nm
(red color laser light) and the collagen fibers are immersed in a medium of water with saline, the limit of the effect of
the evanescent waves is situated around 180 nm from the interface. When the angle of incidence leads to the total
internal reflection and a light is reflected at the region 1, the intensity of reflected light is not changed. However, when
the light is reflected at the region 2, attenuation in the intensity of laser light can be observed due to the presence of
collagen fibers within the region limited by 180 nm from the interface. Thus, the attenuation of reflectance when
articular cartilage is placed on the prism surface can be related to the increase of collagen contents near the contact the
interface. Hence, it is reasonable to assume that the decrease of water contents is related to the increase of collagen
contents.

For the fluorescence microscopy, the technique is based on the fact that protein can be labeled with fluorescent dyes
that could be visualized by fluorescence microscopy. In this work, BSA (bovine serum albumin) was labeled with two
different colors (red and green) in order to evaluate the exchange and adsorption of BSA during friction tests. The
results of fluorescence imaging were correlated with friction results.

2. MATERIALS AND METHODS
2.1. Materials

For test with articular cartilage, the specimens were harvested from the lateral femoral condyles of matured and
healthy (about 100 kg) pigs with biopsy punch with 5 mm of diameter and the mean thickness of articular cartilage was

about 1.4 mm. The medial femoral condyles of pigs were not used due to the high occurrence of osteochondrosis found
in the pigs for consumption (Wardale and Duance, 1994). The specimens were rest in phosphate buffered saline (PBS —
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Sigma-Aldrich Co., Saint Louis, USA) solution during 1 hour before the test at 24° C and they were gently shaken in
order to eliminate the excess of synovial fluid on the articular surface. The tests were done using PBS as lubricant.

For experiments with biomaterials, pins and discs (Mathys Ltd. Bettlach, Switzerland) were made of CoCrMo,
ALL,O; and UHMWPE. The geometry of pins was cylindrical with a radius applied on the end. For the pins of
UHMWPE, the radius was 35 mm. The radius of pins of CoCrMo was 1200 mm. Different radii were applied in order
to keep the contact pressure, which was calculated using Hertzian contact model, at the physiological range (between 8
MPa to 20 MPa (Jin et al., 1999; Yew et al., 2003)), which results in a normal load between 0.5 to 5 N.

Before the tests, the specimens were cleaned in an ultrasonic bath for 15 minutes. Hexane was used for the first bath
and isopropanol afterwards. Finally, the specimens were cleaned with deionized water. The procedure was repeated two
times for each specimen. Then, the specimens were dried with an N, air jet. Three combinations of pins and discs were
used: UHMWPE (pin) against CoCrMo (disc), UHMWPE (pin) against Al,O; (disc) and CoCrMo against CoCrMo.

As the fluorescence microcopy imaging was used as a tool for surface analysis, it was necessary to label the
lubricant with fluorescent dyes, which were ATTO 488 NHS ester and ATTO 565 NHS ester (Sigma-Aldrich,
Germany). A more detailed protocol has been reported in a previous work (Roba et al., 2009).

Three kinds of lubricants were used: PBS as the control; PBS with 20 mg/mL of BSA and 5 mg/mL of ATTO488-
BSA and, Bovine synovial fluid (BSF) with ATTO488-BSA. The concentrations of labeled/unlabeled BSA in the BSF
solutions were 12.5 and 1.5 mg/mL, respectively. The temperature of the lubricant was kept in physiological range
(around 37° C).

2.2. Friction tests of articular cartilage with evanescent waves

The light source was a laser light He-Ne with a wavelength of 632.8 nm (Melles Griot Co.) and 5 mW of power and
a beam with 5 mm of diameter with a randomic polarization. Two lenses were mounted in order to expand the laser
beam (final diameter of about 100 mm). A schematic illustration of the arrangement of optical components of the
apparatus is presented in Fig. 3. As the polarization of light is randomic, a cube polarizer was mounted in order to p-
polarize the incident light.
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Figure 3. Schematic illustration of arrangement of optical components.

The refractive indices of prism (BK7) and the bath solution, saline, were about 1.51 and 1.34, respectively. The
incident angle was set at 64.8° for TIR when the solution environment is physiological saline. Images of the incident
beam and reflected beam were captured with CCD cameras (WAT-221S Color Camera, Watec Co. Ltd.). Photodiodes
(Industrial Fiber Optics, Inc.) were used for the correction of the reflectance calculated from the image analysis, in order
to minimize the effect of noise derived mainly from the thermal and electrical oscillations. The experiment was done in
a dark room in order to avoid the capturing of undesired lights.

For the friction test, the specimens of articular cartilage were slid on the prism surface and friction forces were
measured. In Fig. 4, a schematic illustration of the device used in the friction tests is shown. The normal load and
friction forces were correlated to the deflections of lower and upper parallel leaves springs (0.07 mm of thickness -
stainless steel, Shim & Gauge Co., Japan), respectively. The deflections were detected with laser displacement sensors
LDS1 and LDS2 (LB-040, Keyence Japan). Micro-stages (SGSP26-100 and 150, Sigma Koki Co., Japan) were used to
setting the load (MS1) and sliding displacement (MS2). The effect of intermittent sliding was evaluated with a normal
load of 0.1 N and a sliding velocity of 1.0 mm/s. These values were defined for the occurrence of boundary lubrication.
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Figure 4. Schematic illustration of the device used for the measurement of normal load and friction force, which are
measured due to deflection of leaves springs detected by laser displacement sensors (LDS) 1 and 2, respectively. MS1
and MS2 are the micro-stages used for the setting of normal load and sliding, respectively.

2.3. Friction test of biomaterials and fluorescence microcopy

The pins and discs were incubated in solutions of 20 mg/mL of BSA with 5 mg/mL of BSA labeled with a red
fluorescent dye (ATTO 565 NHS) before the tribological tests. The time of incubation was 1 hour at 24° C. After the
incubations, the specimens were washed with PBS and deionized water in order to eliminate the excess of BSA on the
surface. The specimens were dried with a weak N, air jet.

For the friction measurements, a pin-on-disc apparatus (CSEM S.A., Switzerland) was used. The normal load was 5
N at a sliding velocity of 10 mm/s. The steady-state friction was taken as the average of friction force in the 20" lap.
After the friction tests, the samples were carefully washed with PBS and deionized water in order to remove the excess
of lubricant (BSF and BSA). A weak flow of N, was used for drying. Fluorescence images of the wear tracks of the
discs and the contact region of the pins were acquired with fluorescence microscopy (AX10 Imager M1m, Zeiss,
Germany). In order to avoid the photobleaching of labeled BSA, the specimens and lubricants were kept in a dark
environment during all steps of the experiments.

3. RESULTS

Figure 5 shows the mean values and standard deviations of friction coefficient for an intermittent sliding with short
and long interruption for articular cartilage. For short interruption, the first and the second interruption occurred at 330
and 670 s, respectively. After each interruption, a decrease of the friction coefficient is observed. For the long
interruption, the decrease of the friction coefficient was higher than that of the short interruption. For the long
interruption, the first and the second interruption occurred at 330 and 690 s, respectively. A gradual increase of friction
as the time evolves was observed in each interval of the short and the long interruptions.
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Figure 5. Mean values and standard deviations (n = 4) of the friction coefficient for intermittent sliding and
loading with 2 interruptions of 10 s (left hand) and 30 s (right hand).

In Figure 6, the mean values and standard deviations of the attenuation of reflectance of articular surface are
presented for the short and long time of interruption, respectively. The reduction in the attenuation of reflectance for the
long interruption was higher than that of the short interruption after the both interruptions.
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Figure 6. Mean values and standard deviations (n = 4) of the attenuation of reflectance for intermittent sliding
and loading with 2 interruptions of 10 s (left hand) and 40 s (right hand).

In the test of biomaterials, the highest values of friction were observed for the pair CoCrMo-CoCrMo in all kinds of
lubricants (Fig. 7). For this pair, PBS was the lubricant that presented the highest friction. On the other hand, the lowest
friction was observed for BSF and BSA with HA and there was no significant difference between these two lubricants.

Friction Coefficient

b)

0,20 4
0,18 1
_ 0,16
£ 014
=

£ 0,124
3 0,10 4
§ 0,08
-2 0,06 -
w

0,04 -
0,02 1
0,00 -

Friction Coefficient

0,16 1

0,12 4

0,08 1

0,04 4

0,00

0,074

OPBS
W BSF
mBSA

0,105

Figure 7. Friction coefficient for biomaterials tested in pin-on-disc. a) CoCrMo disc against CoCrMo pin, b) CoCrMo
disc against UHMWPE pin, ¢) AL,O; disc against UHMWPE pin. Scales of y axis are not the same for all the graphs.

Figure 8. Fluorescent images obtained after friction tests with red albumin previously adsorbed onto the surfaces and
green albumin used in the lubricant. a) disc of CoCrMo after test against UHMWPE pin (Load: 2 N). b) CoCrMo disc
after test against CoCrMo pin (Load: 2 N). ¢) disc of Al,O; after test against UHMWPE pin (Load: 1 N). d) pin of
UHMWPE after test with Al,O5 disc (Load: 1 N).

The lowest values of friction coefficients were observed for the CoCrMo-UHMWPE tribopair . These values of
friction were very close to the other literatures (Chandrasekaran et al., 1998; Nassutt et al., 2003). Moreover, the friction
was lower when the CoCrMo pins were used in all lubricants, except for the BSF, where no significant difference was
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observed. For the lubricants, the lowest values of both steady-state and start-up friction were observed when PBS was
used, which is a similar result obtained by Mazzuco and Spector (2004). However, when the UHMWPE was used as a
pin, no significant difference was observed between PBS and BSF. These results demonstrate an opposite tendency in
comparison to the CoCrMo-CoCrMo pair, where the friction values were highest for PBS.

Images acquired after pin-on-disc measurements showed different results in comparison to the incubated specimens.
When the UHMWPE was used as a pin with a disc of CoCrMo, it was possible to observe some traces of fluorescence
on the surface of CoCrMo (Fig. 8.a), which are characterized as a set of small spots arranged in the sliding direction.
Exchange of protein on the Al,O; discs was clearly observed (Fig. 8.c), where the red intensity means the presence of
previously adsorbed albumin (ATTO 565-BSA) and green intensity means the albumin from the lubricant (ATTO 488-
BSA), which was adsorbed only on the wear tracks. No fluorescence traces could be observed on the CoCrMo disc used
against a CoCrMo pin (Fig. 8.b). Although only fluorescence images for unlabeled BSA with labeled BSA have been
shown, similar results were observed when different lubricants were used for all tribological pairs.

Figure 9 shows the fluorescence traces on a CoCrMo disc when PBS was used as lubricant for a pair of CoCrMo
disc and UHMWPE pin. As the lubricant did not contain labeled BSA, the discs were incubated after the friction tests
during 60 minutes in a similar solution used for the lubricant, that is PBS and ATTO 488-BSA. It was possible to
observe some wear tracks as spots arranged in the sliding direction, which resemble those on CoCrMo when ATTO
488-BSA was used as lubricant (Fig. 8.a).

Figure 9. Wear tracks on the CoCrMo disc after friction tests against UHMWPE pin using PBS as lubricant. The disc
was post-incubated in ATTO 488 BSA solution after the test (Load: 1 N).

4. DISCUSSION
4.1. Articular Cartilage

The tendency of the increase of the friction coefficient as the sliding time evolves (Fig. 5) is in good accord with the
results of the other researchers (Mabuchi and Fujie, 1996). Furthermore, the decrease of the friction coefficient after the
unloading is in good agreement with the experiments carried out by Forster and Fisher (1998), McCutchen (1962) and
the previous research (Naka et al., 2005). In each interval, the attenuation of reflectance presented the same tendency of
the friction coefficient, that is, its intensity increases as the time evolves and decreases after the unloading. As the
attenuation of reflectance is associated with the contact or existence of collagen near the interface, it is reasonable to
assume that the decrease of water contents is related to the increase of the friction coefficient.

It is interesting to perceive that the variation of the attenuation of reflectance was smaller for the short interruption
than that for the long interruption, as can be seen in Fig. 6. Furthermore, the decrease of the friction coefficient was also
smaller in the short than that of the long interruption (Fig. 5). The results of the attenuation of reflectance seem to
indicate that the hydration of cartilage has a dependence on the time; such as it occurs for the exudation of the water in
the articular cartilage when it undergoes a sustained loading. In any case, 10s seems to be sufficient for a decrease of the
friction coefficient, however not at same level of 60s of interruption; and 10s is not sufficient for an adequate recovery
of the water content at the articular surface in comparison to the 60s. Other interesting aspect is that the level of
reduction does not change significantly between the first and second interruption for both friction coefficient and
attenuation of reflectance. This result can mean that the recovery of water and reduction of friction have a homogeneous
behavior in despite of different levels of friction and attenuation of reflectance due to the non-homogeneity of
specimens. A similar result has been found in a previous work (Naka et al., 2007), which had focused the role of
preloading and exudation of water on the friction coefficient of articular cartilage. Moreover, Naka et al. (2005) have
detected proteoglycans on the articular surface when the friction is quite low using surface plasmon resonance. These
proteoglycans would be responsible for the high contents of water on the articular surface, which means that an
hydrophilic surface can assist the lubrication of synovial joints.

In the physiological conditions, articular cartilage hardly undergoes a process of continuous sliding and loading
during 5.5 minutes as occurred in these tests. Hasler and Herzog (1998) demonstrated that the patellofemoral contact
forces reach values nearly to zero in a cycle time of about 1 s. In this situation, the friction coefficient can be kept in the
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low levels because of the short time of loading and sliding. In this work, the time of sliding and loading of 5.5 minutes
corresponds to a severe condition in physiological terms. However, whether a short time of sliding and loading could be
used in the experimental tests, probably the decrease of the friction and the recovery of the water after the unloading
could not be observable.

4.2. Biomaterials for hip implants

For the pin-on-disc friction measurements with biomaterials, the main aim was the evaluation of the role of proteins
and their exchange during friction tests. Thus, it was important that the experiments had been carried out in the
boundary lubrication regime. To this end, the sliding velocity was low (around 1 mm/s) and the friction was taken as the
average of friction force in the 20™ lap. The short sliding distance was preferred because long distances can gradually
increase the temperature at the interface between the pin and the disc. Moreover, long distances mean long duration of
tests, thus increasing the possibility of contamination of the lubricant and denaturation of proteins.

An interesting result was the fluorescent images for CoCrMo-UHMWPE and CoCrMo-CoCrMo pairs because
fluorescence emission could only be observed on the surface of CoCrMo tested against UHMWPE (Fig. 8.a) and not on
that was tested with CoCrMo pin (Figs. 8.b). This phenomenon can be associated with the quenching of fluorescence,
which occurs when the energy derived from the emission waves that should excite the fluorophores (that is, induce the
fluorescence emission) is transferred to metallic surfaces (Pérez-Luna et al., 2002; Holmes et al., 1993) and hence, no
fluorescence emission can be detected.

A reasonable explanation is that UHMWPE was being transferred onto the CoCrMo, enabling fluorescence
detection. In order to support this hypothesis of UHMWPE transfer, further experiments were carried out using
UHMWPE and CoCrMo as tribopair with PBS as lubricant. After friction test, CoCrMo discs were incubated with
ATTO 488-BSA. Fluorescence traces were observed on the CoCrMo disc (Fig. 9) corresponding to the wear tracks,
indicating that there was a transfer of UHMWPE taking place during the friction test.

This UHMWPE transfer did not occur in the usual form, that is, like a lamellar transfer (Zhang, 1998), as can be
seen in Figs. 8.a and 9. Marcus and Allen (1994) have observed that the transfer of UHMWPE to a metal counterface
usually involves interlamellar shear and results in the development of a highly orientated transfer film when water is
used as a lubricant, which could be considered as a similar lubricant to PBS. In this work, the wear debris particles were
produced and stuck onto the surface, which corresponds to the fluorescence spots onto the wear tracks. Probably, a
similar mechanism to the one occurring in the third body wear between two surfaces in relative displacement, could be
taking place. During third body wear, hard particles create wear tracks onto the bearing surfaces. In this case, relatively
soft UHMWPE particles are pressed against the CoCrMo, thus being adhered onto the surface. This result is similar to
the one found by Barret et al. (1992). In their work, the wear and friction of UHMWPE pins against stainless steel discs
were measured using a pin-on-disc apparatus under dry conditions. They observed that the transfer film on the disc
surface was limited to isolated deposits of wear particles.

The friction results showed that the BSF and BSA worked as a lubricant for the CoCrMo-CoCrMo tribopair.
However, for the CoCrMo-UHMWPE pairs, the friction coefficient increases for the same lubricants. As it was
observed before in the fluorescence images, a transfer of UHWMPE occurs when it is slid against the CoCrMo surface.
This transfer can affect the friction in different ways. One is related to how homogenous this transfer is, because a more
homogeneous transfer corresponds to low frictions due to the decrease of the shear stress (ploughing effect) between the
transferred UHMWPE and the UHMWPE pin. The presence of albumin adsorbed on the CoCrMo surface can make
difficult a homogeneous transfer of UHMWPE, since albumin can work as a protective layer that would avoid the
occurrence of this transfer. On the other hand, as no adsorption occurs when the PBS is used as the lubricant, the
transfer should be more homogenous and hence, friction could be lower in comparison to BSA and BSF.

Another cause for the increase of friction may be the effect of denaturation of proteins. BSA could be kept in the
native state on CoCrMo because the CoCrMo surfaces are more hydrophilic than the UHMWPE (Gispert et al., 2006).
Widmer et al. (2001) has shown that for hydrophilic surfaces of functionalized UHMWPE with oxygen plasma, BSA
improved the lubrication. On the other hand, for the hydrophobic surface (UHMWPE), an increase of friction was
observed. Chandrasekaram and Loh (2001) have also observed that the proteins in the lubricant resulted in severe
denaturation and reaction with polymer structure, degrading the surface properties of UHMWPE.

Before this work, it was supposed that this transfer was not taking place due to the formation of a protective layer of
adsorbed protein on the CoCrMo surface (Serro et al., 2006; Saikko, 2006). As it can be seen in the fluorescence
images, this protective layer does not work effectively. These results indicate that the increase of friction between
CoCrMo and UHMWPE when proteins were present in the lubricant, which was observed in this work and others
researches (Sawae et al., 1998; Scholes et al., 2000), could be due to the UHMWPE transfer.

5. CONCLUSION

The use of evanescent waves to analyze the contents of water in biological tissues (articular cartilage) has provided
very useful information about the friction behavior of articular cartilage. In turn, the novel approach based on
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fluorescence labeling of BSA for friction tests of biomaterials introduced in this work was efficient in enabling the
evaluation of protein adsorption and exchange on UHMWPE and CoCrMo surfaces. It also allowed coming across an
unexpected result, which is the transfer of UHMWPE onto CoCrMo surfaces during friction tests when using
UHMWPE pin and CoCrMo disc as tribopair. In summary, fluorescence labeling of BSA applied to friction tests can be
considered a very useful tool to study the lubrication of materials used in hip implants, and could be applied to future
studies using different combinations of proteins and biomaterials.
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