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Abstract; There is considerable interest in the wear of polyethylene and the resulting wear-debris-
nduced osteolysis in artificial hip joints. Proteins play an important role as boundary lubricants
in vivo in the pseudosynovial fluid, and these are reproduced in in vitro tests through the use of bovine
serum. Little is known, however, about the effect of phospholipid concentrations within proteinaceous
solutions on the wear of ultra-high molecular weight polyethylene { UHMWPE). The effecis of
protein-containing lubricants with 0.05, 0.5 and 5 per cent (w/v) phosphatidyl choline concentrations
on the wear of ultra-high molecular weight polyethylene (UHMWPE) were compared with 25 per
cent (v/v) bovine serum which had 0.01 per cent (w/v) lipid; the effects were compared in a hip joint
simulator with smooth (7 =4) and scratched (z = 3) femoral heads. The control bovine serum lubri-
cant produced UHWMPE wear of 55 and 115 mm?*10° cycles on the smooth and rough heads
respectively. The increased phospholipid concentration significantly reduced the wear rate. At the
higher conceniration (5% wfv phosphatidyl choline) the average wear was reduced to less than
2 mm¥10° cycles. Even with the relatively low concentrations of 0.05% w/v phosphatidyl choline the
wear was reduced by at least threefold compared with the bovine serum tests for both the smooth
and rough femoral heads. There may be considerable differences in the phospholipid concentrations
in patients’ synovial fluid and this is highly likely to produce considerable variation in wear rates. In
vitro, differences in the phospholipid concentration of lubricants may also cause variation in wear
rates between different simulator tests.
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NOTATION

CL confidence limit

R, arithmetic mean surface roughness

R, peak height of the scratch lip

UHMWPE ultra-high molecular weight
polyethylene
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1 INTRODUCTION

There is currently much interest in the role of wear and
wear-debris-induced osteolysis in the long-term failure
of artificial hip joints [1]. Historically the majority of
bearings used in artificial hip joints have used ultra-
high molecular weight polyethylene (UHMWPE) acetab-
ular cups articulating agamst metallic femoral hieads.
Micrometre- and submicrometre-sized UHMWPE wear
particles have been shown to cause adverse cellular reac-
tions in periprosthetic tissues that lead 1o osteolysis and
ageptic loosening [1]. Traditionally the UHMWPE has
been sterilized with y-irradiation in the presence of air.
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This has been shown to cause oxidation and ageing
which not only increases the wear rate, bug produces a
greater percentage volume of smaller particles which are
more biologically active [2]. This has generated consider-
able interest in alternative materials such as oxidative-
resistant UHMWPEs and cross-linked polyethylenes [3].
metal-on-metal bearings [4] and ceramic-on-ceramic
bearings [5].

There has, however, been little attention paid to the
role of boundary lubricants in controlling the wear of
UHMWPE. It has been recognized for a number of
years that water does not produce adequate boundary
lubrication in hip joint simulations and replication of
in vivo wear. Bovine serum has therefore most com-
monly been used as a [ubricant in in vitro simulations.
Substantial differences in the wear debris generated in
water and in bovine serum, which reflect the different
wear mechanisms that are occurring, have recently
been demonstrated [6]. The boundary lubricants that
occur in bovine serum and in periprosthetic fluid
include proteins of various molecular weights and
phospholipids. The levels of protein in human synovial
fluid have been reported to be between 2 and 3.5 g/dl
[7] and in leg prenodal lymph. 1.4 g/dl [8]. The con-
centration of protein in the bovine serum solution has
been shown to have a significant effect on wear of
polyethylene in in vitro tests, with higher concen-
trations reducing the wear rate [9]. It has also recently
been shown that a single molecular weight protein
[gelatin, MW 30000] did not provide an cffective
physiologically relevant boundary [ubrication regime
[10]. In vive, and in vitro with bovine serum as a4 model
lubricant, the proteins of different molecular weight
and phospholipids provide complex and interactive
boundary lubricating mechanisms. Hills [11] has
recently reviewed the lubrication and friction of phos-
pholipids in the body, and Higaki [12] has demon-
strated the lubricating capacity and reduction in
friction for combinations of phospholipids and
v-globulin,

Although the role of phospholipids acting as a bound-
ary lubricant was identificd over 20 years ago [13, 14],
fittle is known about its effect on wear in artificial
joints in physiologically relevant protein-containing
solutions. This is particularly important since patients
may well have different concentrations of phospholipids
in the pseudosynovial fluid surrounding artificial joints,
Furthermore, in in vitro tests the concentration of phos-
pholipid is not well controlled and there is evidence that
the degradation of lubricants in vitro and microbiolo gical
contamination of bovine serum in in vitro tests can sig-
nificantly increase the level of lipid from 0.012 + 0.07 to
0.025 +0.05 g/d] [15].

The aim of this study was to investigate the effect of
phospholipid concentration within a protein-containing
lubricant on the wear of UHMWPE in a physiological
hip joint simulator,
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2 MATERJIALS AND METHODS

Seven size 28 mm GUR 1120 UHMWPE acetabular
cups were used: the cups were y-irradiated in air and of
identical design, material and age. The study was under-
taken and completed within 2 years of sterilization to
minimize effects of oxidative ageing. Prior o this study
the cups had been run for 6 x 10° cycles in the same hip
joint simulator in bovine serum for validation of the
wear simulation methodologies [16]. Prior to testing the
cups were soaked in 0.1% w/v sodium azide solution for
14 days to allow moisture uptake and stabilization prior
to being fixed into metallic cup holders using acrylic
cement. The cups were positioned such that the centre
of the cup was on the centre of rotation of the simulator.

Seven size 28 mm cobalt—chrome femoral heads of
identical design and batch numbers were used. Four
of the heads were used undamaged and three were
scratched as described previously using a diamond stylus
[16]. Three equally spaced scratches extending 180° from
the equator over the pole and back to the equator were
generated. This model of scratching has been shown to
increase the wear rate of UMMWPE more than twofold
compared with undamaged heads [16]. This was similar
to the increase in wear rate found with damaged heads
in a series of explanted prosthescs [17].

The results taken for the final 2 x 105 cycles of the
previous study when articulating against smooth and
scratched femoral heads in 25% v/v bovine serum (in
0.1% wiv sodium azide) were taken as control data for
this study. The same components were then tested in the
same simulator for a further 3 x 10° cycles using protein-
based lubricants with three different concentrations of
phosphatidyl choline.

The Prosim hip joint simulator with two indepen-
dently controlled motions and a single axis of loading
was used. The acetabular cups were mounted in the
anatomical position with the cup above the head at an
angle of 35° to the horizontal plane. The details of the
internal/external rotation, flexion/extension and loading
waveforms have been described in detail previously
[16, 18]. The motion inputs produced an open eccentric
eflipucal wear path which for UHMWPE acetabular
cups produced similar wear rates to those found in a
three-axis simulator [18]. These simulators have also
been shown to generate predominantly submicrometre
and micrometre UHMWPE wear particles which were
comparable with the wear particles found in tissues
around retrieved prostheses [19].

In this study the heads and cups were run for a further
3 % 10° cycles, changing the concentration of the lipid in
the lubricant and measuring the wear volume every [(f
cycles. The concentration of the phospholipid in the
lubricant was the only variable in this study, all other
variables were kept constant. Bovine serum has a mix-
ture of proteins of different molecular weights and a low
level of phospholipids. Newborn calf serum (Seralabs)
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diluted to 23% viv with 0.1% wi/v sodium azide was used
as the standard lubricant for simniator testing in the
authors' laboratory [16, 18]. It has a lower level of cal-
cium than other calf sera and was diluted 1o 25% viv to
give a protein concentration of approximately 1.5 g/dl
which was at the Jow end of the physiological range
{7, 8]. The bovine serum also contained 0.01 g/dl of lipid,
which has been shown to increase more than twofold
during a test period of 4 days due to degradation and
microbiological contamination [10,20]. In order to
investigate the effect of phospholipid concentration on
wear, a stable well-defined protein solution was used.
Gelofusin (B, Braun Medical Limited), a single molecu-
lar weight solution of gelatin (MW 30000), was diluted
to 25% v/v in 0.1% wiv sodium azide solution. The three
concentrations of phosphatidyl choline used were 5, 0.5
and 0.05% w/v, all significanty higher than the
0.01-0.02% wiv lipid found in bovine serum. It has pre-
viously been shown that gelofusin alone was not an
adeguate boundary lubricant [10], and hence the need
to use 25% wfv bovine serum as a control, Each lubricant
was run for 330000 cycles (4 days) and then changed.
The volume of lubricant used in each simulator chamber
was 250 ml. The order in which the different lubricanis
were tested is given in Table 1.

The mean wear rate was determined in each test
interval (10° cycles) using a coordinate measuring
machine to map the internal geometry of the cup
[16, 18]. The wear rate for each lubricant was averaged
for cach set of components. The mean wear rate for each
lubricant was compared using a one-way analysis of vari-
ance, considering the smooth femoeral heads (# =4) and
rough fermmoral heads (n=13) separately. Statistical sig-
nificance was determined using the T-method to deter-
mine minimur significant difference (MSD) between the
means. Significance was taken ai the level p < 0.05.

3 RESULTS

The mean wear rate, +95 per cent confidence limits, of
the UHMWPE cups with the smooth femoral heads with
each of the four lubricants is shown in Fig. L. Lipid con-
centration had a highly significant effect on wear rates
{p<0.001). The wear rates of all three phospholipid-
containing Gelofusin lubricants were significantly less
than for the bovine serum control. As the phospholipid

Table 1 Lubricants studied and order of tests

Number

of eyeles

(x 10%) Lubricant

0-2 25% v/v bovine serum

2-3 25% wiv Gelolusin with 574 wiv phosphatidyl choline
34 25% viv Gelofusin with 0.5%% w/v phosphatidyt choline
4-5 25% viv Gelofusin with 0.05% w/v phosphatidyl choline
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Wear Rate {(mm” 3/million cycles)

10 - 5% lipid 0.5% lipid 0.05% lipid Bovine
Serum

Fig. 1 The mean wear rate of UHMWPE acetabular cups
articulating against smooth femoral heads (95 per
cent  CL). Minimum  significant  difference
{p<0.05)=06.5

concentration increased the wear rate reduced. The wear
rate of the 5% w/v phospholipid was significantly less
than that of the 0.05% w/v phospholipid.

The mean wear rate, 495 per cent confidence limits,
of the four UHMWPE cups with the scratched femoral
heads for each of the four lubricanis is shown in Fig, 2.
The control data wear rates for the bovine serum were
more than twice those of the smooth heads. As with the
smooth heads, the phospholipid concentration had a sig-
nificant effect on wear rate {(p <0.001). The wear rates
for all three phospholipid-containing Gelofusin hubri-
cants were significantly less than for bovine serum. As
the phospholipid concentration increased the wear rate
reduced; the wear rate with 0.5% w/v phosphatidyl chol-
ing concentration was significantly less than the wear
rate for the 0.05% w/v concentration. The experiment
was designed to keep all the variables constant apart
from the lubricant. The peak height of the scratch lips,
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Fig.2 The mean wear rate of UHMWPE acetabular cups
articulating against scratched femoral heads (+95 per
cent  CL). Minimum  significant  difference
{r<0.05)=700
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R,. was 2.5 um at the start of the study, and only reduced
slightly to 2.2 pm by the start of the 5% w/v phospholipid
test. However, by the end of the 5 x 10° cycles the height
of the scratched lips had reduced significantly, presum-
ably due to them being worn away or broken off by the
articulation. As a result the final wear with the 0.05 per
cent phospholipid may well have been reduced due to
loss of the scratch lips. Nevertheless it was still signifi-
cantly greater than the wear rate for the 0.5% w/v phos-
phatidyl choline. On the smooth heads there was a
threefold reduction in wear in the 0.05% w/v phosphati-
dyl choline compared with the bovine serum solution,
while with the scratched heads there was a fivefold
reduction in wear in the 0.05% w/v phosphatidyl choline
lubricant compared with the bovine serum solution. The
reduction in the height of the scratched lips would have
coniributed to this additional reduction in wear. There
was no significant change in the surface roughness of the
smooth femoral heads at the end of the test.

4 DISCUSSION

There has been a considerable body of data in the litera-
ture on the wear of UHMWPE sterilized with -
irradiation (2.5 Mrad) using bovine serum as a lubri-
cant. The contro! data using bovine serum and smooth
femoral heads in this study have previously been shown
to compare well with other simulator data [16] and the
scratched femoral head model has been shown to
increase wear by at least a factor of two which is consist-
ent with explant data [17]. The analysis of wear particles
from this and other similar simulators has shown them
to be predominantly sub-micromeire in size [19, 20].
More recently there has been interest in the effect of
protein concentration on wear in hip simulators [9] with
increased levels reducing the wear rates. The concen-
tration of protein used in this study was at the lower
end of the range found clinically. There has been much
debate about appropriate protein concentration, and this
must be set in the context of the total volume of fluid
used in a simulator, typically several hundred millilitres
compared to a few millilitres in vivo. Artificially elevated
levels of protein concentration may lead to reduced wear
rates {9], while inadequate protein as a boundary lubri-
cant may increase the adhesive wear mechanisms and
produce unrepresentative wear debris [9, 10].

There 1s however much less understanding of the effect
of lipid concentration on wear of artificial joints in
protein-containing solutions. Phospholipid has been
cited extensively as a naturally occurring boundary lubri-
cant {11, 14]. and has been shown to be an effective
lubricant in aqueous solutions [21]. Higaki er af. [12}
showed a reduction in friction with phospholipid- and
protein-containing lubricants. Little is known about the
concentration of phospholipid in pseudosynovial fluid,
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but it may vary considerably from patient to patient.
The concentration of lipid in bovine serum has been
measured as 0.01 g/dl, and it has been found to increase
with biclogical contaminants to 0.025g/dl in vitro
[15, 20].

The results of this study show a remarkable reduction
in wear rate compared with bovine serum with increasing
concentration of phospholipid in Gelofusin over the
range 0.05 to 5% wiv. There was a significant threefold
reduction in wear rate with Gelofusin with 0.05% wiv
phospholipid compared with bovine serum; it is not cer-
tain that this was solely attributed to the phospholipid
coneentration, it may also be due to the different molecu-
lar weight proteins found in Gelofusin and bovine serum.
However, previous studies indicate that this cffect on
wear rate of the different molecular weight proteins was
relatively small [10]. These results indicate that the effect
of phospholipid was so marked that further studies
should be carried out at lower levels of concentration
below (.05 per cent, w/v in both Gelofusin and bovine
serum solutions. It is clear that due (o the degradation
of bovine serum in in vitro tests, the phospholipid con-
centration needs to be measured before and afier the
test [15, 201.

It is interesting to speculate as to the mechanism of
phosphelipid lubrication, and whether it acts on the sur-
face itself as a bilayer [11, 14] or indeed whether it acts
in conjunction with the proteins to form 2 complex
boundary lubricant [14]. Most importantly the articulat-
ing interface should not be thought of as a simple two-
body problem. The UHMWPE wear particles themselves
act as a third body in the contact, with over 10000 wear
particles being shed every step {17, 20]. The interaction
of the phospholipid boundary lubrication with these par-
ticles, to form an effective self-lubricating third-body
screen must not be discounted.

The effect of phospholipid concentration in the lubri-
cant is important in tivo and in vitro. In vivo it may well
account for a significant variation in wear rates between
patients. In vitro, differences in phospholipid concen-
tration for different baiches and dilutions of bovine
serum and biological degradation of serum will alter
phospholipid concentrations and wear rates,

5 CONCLUSIONS

This study has shown a dramatic reduction in the wear
of UHMWPE with increasing phospholipid concen-
trations in a protein-containing lubricant. At the lowest
concentration tested 0.05% w/v the wear was at least
three times less than with bovine serum lubricant. The
studies indicate that at very low concentrations, phos-
pholipid will have a marked effect on UHMWPE wear
both ir vitro and in vivo.

HD4000 © TMechl: 2001



THE INFLUENCE OF PHOSPHOLIPID CONCENTRATION IN PROTEIN-CONTAINING LUBRICANTS 263

ACKNOWLEDGEMENT

The equipment used in the study has been supported
in part by the Arthritis Research Campaign and the
Engineering and Physical Sciences Research Council.

REFERENCES

f—

Ingham, E. and Fisher, J. Biological reaction to wear debris
in joint replacement. Proc. Instn Mech. Engrs, Part H,
Journal of Engineering in Medicine, 2000, 214(111), 21-37.

2 Besong, A. A., Tipper, J. L., Ingham, E., Stone, M. H.,
Wroblewski, B. M. and Fisher, J. Quantitative analysis of
wear debris from UHMWPE that has and has not been
sterilised by gamma irradiation. J. Bene Jt Surg., 1998, 80-
B. 340-344,

3 Wroblewski, B. M., Siney, P. D). and Fleming, P. A. Low
friction arthroplasty of the hip using alumina ceramic and
crosslinked polyethylene. J. Bone Jt Surg., 1999, 81-B.
54-55.

4 Doorn, P. F., Mirra, J. M., Campbell, P. A. and Amstatz,
H. C. Tissue reactions 1o metal on metal hip prostheses.
Clin, Orthop. Related Res., 1996, 329, 187-205.

5 Yoon, T. R, Rowe, S. M., Jung, 8. T., Scon, K. J. and
Maloney, W. J. Osteolysis in association with a total hip
arthroplasty with ceramic bearing surfaces. J. Bone Jt Surg.,
1998, 80-A, 14591468,

6 Besong, A. A., Tipper, J. L., Matthews, B. 1., Ingham, E.,
Stone, M. H. and Fisher, J. The influence of lubricant on
the morphology of UHMWPE wear debris generated in
lubricating tests. Proc. Instn Mech. Engrs, Part H, Journal
af Engineering in Medicine, 1999, 213(H2), 155-158.

7 Saari, H., Santavirta, S., Nordstrom, D., Paavolainen, P,
and Konttinen, Y, T. Hyaluronate in total hip replacement,
J. Rheumatology, 1993, 20, §7-90.

8 Cejka, J. Proteins of interstitual fluid and lymph. In
Proteins in Body Fluids, 1983, pp. 255-258 (Alan R. Lisg
Inc., New York).

9 Wang, A., Polineni, K., Fssner, A., Stark, C, and Dumbleton,
J. H. The impact of lubricant protein concentration on
the outcome of hip simulator testing. In Proceedings of
45th Annual Meeting of Orthopaedic Research Society,
Arnheim, California, 1999, p. 52,

10 Bell, J., Besong, A. A., Tipper, J. L., Tngham, E.,
Wroblewski, V. M., Store, M, H. and Fisher, J. Influence
of gelatin and bovine serum lubricanis on ultra-high mol-

HO4000 © TMechE 2001

11

12

16

17

18

19

20

21

ecular weight polyethylene wear debris generated in in ritre
simulations, Proc. Instn Mech. Engrs, Part H. Journal of
Engincering in Medicine, 2000, 214(H5), 513-518.

Hills, V. A. Boundary lubrication in viro. Proc. fnstn Mech.
Engrs, Part H, Journal of Engineering in Medicine, 2000,
214(H1), 83-94.

Higaki, H., Murakami, T., Nakanishify, Y., Mura, H.,
Mawatari, T. and Iwamoto, Y. The lubricating ability of
biomembrane models with dipalmitoyl phosphotadychotine
and gamma globulin. Proc. Instn Mech Engrs, Part H,
Journal of  Engineering in  Medicine, 1998, 212(HS).
337-346.

Little, T., Freeman, M. A. R, and Swanson. S. A. R.
Experiments on friction in the human joint. In Lubrication
and Wear in Joirts (Ed. V. Wright), 1969, pp. 110-114
(Sector Publishing, London).

Hills, B. A. and Butler, B. D. Surfactants identified in syn-
ovial fluids and their ability to act as a boundary lubricant.
Aun. Rheumatic s, 1984, 43, 641-648.

Bell, J., Ingham, E., Stone, M. H. and Fisher, .J. The influ-
ence of phospholipid on the wear of UHMWPE. In
Proceedings of Sixth World Congress on Biomaterials,
Hawaii, 2000, p. 1251,

Barbour, P. §. M., Stone, M. H. and Fisher, J. A hip joint
simulator study using new and physiologically scratched
fermoral heads with ultra-high molecular weight polyethyl-
ene acetabular cups. Proc. Instm Mech. Engrs, Part H,
Journal of Engineering in  Medicine, 2000, 214(H6).
569-576.

Tipper, J. L., Ingham, E., Hailey, J. L., Beseng, A. A.,
Wroblewski, B. M., Stone, M., H. and Fisher, J. Quantitative
analysis of polyethylene wear debris, wear rate and head
damage in retrieved charnley hip prostheses. J. Mater, Sei.,
Muater. in Medicine, 2000, 11, 117124,

Barbour, P. S, M., Stone, M. H. and Fisher, J. A hip joint
simulator study using simplified loading and motion cycles
generating physiological wear paths and rates. Proc. Instn
Mech. Engrs, Part H, Journal of Engineering in Medicine,
1999, 213(116), 455-467.

Besong, A. A., Tipper, J. L., Stone, M. H., Wroblewski,
B. M., Ingham, E. and Fisher, J. Quantitative comparison
of polyethylene wear debris from a physiological hip joint
simulator and from failed prostheses. In Proceedings of
European Orthopaedic Research Socicty, 1999, p. 39,
Bell, J. Influence of lipid concentration on polyethylene
wear in hip prostheses. PhD thesis, Department of
Mechanical Engineering, University of Leeds, 2000.
Allroos, T. and Saikko, V., Wear of prosthetic joint mate-
rials in various lubricants, Wear, 1997, 211, 113119,

Proc Instn Mech Engrs Vol 215 Py +1



