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Abstract

Wear particles of ultra-high molecular weight polyethylene
(UHMWPE) are considered as the main cause of total hip
replacements (THR) failures. Quantitative analysis of the
wear particles is difficult due to their tiny dimensions
(around 1 pm). In this work we introduce a technique,
based on quasi-elastic light scattering of gold and poly-
ethylene particles in suspension, which yields relative
numbers for unweighable amounts of submicron particles.
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Introduction

Total replacement of human hip joints, or total hip replace-
ments (THR), usually have two main components: the first
is metallic and the second is made of UHMWPE (ultrahigh
molecular weight polyethylene). This polymer is regarded
as the best possible material for the application due to its
excellent friction and satisfactory mechanical properties
[1]. Nevertheless, articulation of the metallic and poly-
meric component in THR leads to wear, i.e. formation of
tiny UHMWPE particles, whose size varies around 1 pm.
The particles are released to the surroundings of THR,
where they induce inflammatory reactions leading to
osteolysis. The whole process is believed to be the main
cause of THR failures [2].
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Fig. 1. TEM micrographs of Au nanoparticles: (a) colloid Aul, (b) Au2, (c) Au3, (d) Au4, (¢) Au5 and (f) Au6. The average sizes of the
colloids Aul, Au2, Au3, Au4, Au5 and Aub6 are ca. 4, 10, 30, 100, 150 and 200 nm, respectively.
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Fig. 2. QELS intensity distributions of colloids Au2, Au3, Au4
and AuS.

One of the tasks in our project is to determine the num-
ber of UHMWPE wear particles in zones around THR and
correlate the number of particles with the extent of tissue
and bone damage in these zones [3]. As the wear particles
are almost invisible even under light microscope, their
quantification is not easy. Isolation of the wear particles
and determination of their weight is possible but it is quite
imprecise due to their negligible size [4]. That is why we
tested several other techniques, which were not based on
particles weighing. In this study we present a technique re-
lying on quasi-elastic light scattering (QELS) of the parti-
cles in solution. QELS signal is quite strong even if the
studied suspension contains unweighable amount of parti-
cles. However, standard QELS experiments do not yield
the numbers of the particles, only their intensity distribu-
tion on relative scale. Size range of the method is approxi-
mately from 1 nm to 6 um, and the wear particles have
dimensions > 0.1 um. Therefore we need to add to the sus-
pension of UHMWPE particles a known amount of calibra-
tion particles smaller than 100 nm, for example gold
nanoparticles of suitable size [5]. Theoretically, QELS
scattering of a solution containing UHMWPE wear parti-
cles and Au calibration particles should give two-peak dis-
tribution curve. The unknown amount of the UHMWPE
particles could be calculated from the known amount of the
Au particles and relative intensity of the two peaks.

The principle of the method, which we called QELSc
(i.e. QELS with calibration particles), and which is briefly
described in the previous paragraph, is quite simple. From
the theoretical point of view, QELSc should work per-
fectly. From the practical point of view the method has sev-
eral limitations, the most important of which are
summarized below.

Experimental

Preparation of Au nanoparticles. The colloidal solutions of
Aunanoparticles with pre-calculated size were prepared by
controlled reduction of H[AuCls]. The principle of the
preparation was described as early as the last century [6];
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Fig. 3. SAXS number distributions of colloids Aul, Au2, Au3
and Au4.

our slight modification of this technique, allowing pre-cal-
culation of the prepared particles, appeared recently [5, 7].

Preparation of UHMWPE wear particles. UHMWPE
wear particles for testing were prepared in vitro.
UHMWPE powder was put into liquid nitrogen and pul-
verized so that very small particles were obtained. The
powder was suspended in propan-2-ol (= isopropyl alco-
hol, iPrOH) and suspensions of the particles with sizes less
than 0.1, 1.0 and 5.0 um were prepared by filteration
through polycarbonate microfilters (Whatman).

Transmission electron microscopy (TEM) of Au
nanoparticles was carried out with microscope JEM
200CX (Jeol). All TEM microphotographs were taken at
acceleration voltage 100 kV and recorded with digital cam-
era (MegaView).

Quasi-elastic light scattering (QELS) was measured
with Zetasizer Nano ZS (Malvern Instruments Ltd.) in the
size mode. Intensity distribution curves were calculated
with a general model, without any restrictions imposed on
the measured data [8].

Small-angle X-ray scattering curves (SAXS) were ob-
tained with an upgraded Kratky camera equipped with a
position-sensitive detector. The number distributions of the
particle radii were calculated from smeared scattering data
using Glatter’s desmearing program ITP [9].

Results and discussion

The main goal of this study was the verification of QELSc
method. In the first step, a set of colloidal solutions of Au
nanoparticles with different sizes were prepared. The theo-
retical sizes of the nanoparticles were pre-calculated before
the experiment [5, 7] and the real sizes of Au nanoparticles
were determined by image analysis of TEM microphoto-
graphs (Fig. 1).

In the second step, the nanoparticles were stabilized
with PVP (polyvinylpyrrolidone) and their QELS curves
were measured (Fig. 2). Colloids Aul and Au6 are not
shown in Fig. 2 because their QELS curves were unusable.
Colloid Aul contained the highest concentration of nano-
particles and so its intensity distribution was distorted due
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to formation of agglomerates. The impact of agglomeration
on the QELS intensity distribution curve is very strong be-
cause each point of the curve is proportional to Nxd®,
where d is the particle diameter and N, is the number of par-
ticles with diameter d. Consequently, the large particles
and/or agglomerates dominate the intensity distribution
even if their concentration is quite low. The agglomerates
are also observed in the QELS curve of Au2 in the form of
the second, lower peak. The intensity distribution of
colloid Au3 did not exhibit any agglomeration, which ac-
cords with the fact that the concentration of nanoparticles
decreases with their increasing size; this results from our
preparation procedure [5,7]. Colloid Au6 contains the larg-
est and heaviest nanoparticles, whose fast sedimentation
was visible even with the naked eye: within several tens of
minutes a layer of Au6 nanoparticles appeared at the bot-
tom of the flask. Generally speaking, Au6 had not exhib-
ited colloidal behavior any longer and this destroyed the
QELS curve.

In the third step, SAXS and QELS curves of colloids
Aul, Au2, Au3 and Au4 were compared to get insight into
particles behavior in solution. SAXS curves of Au5 and
Au6 colloids could not be measured because their
nanoparticles exceeded the SAXS resolution (1 - 100 nm).
A comparison of intensity distribution curves from QELS
with standard number distribution curves from SAXS
proved that the unusual shape of Aul and Au2 intensity
distribution curves could be accounted for agglomeration,
which is overestimated in QELS.

In the fourth step, various pairs of colloids with differ-
ent sizes were mixed. The best results were obtained with a
mixture Au2:Au4; relative intensity of the peaks changed
in agreement with changing Au2:Au4 ratio (Fig. 4). The
concentration of Au2 particles had to be much higher be-
cause of their smaller dimensions resulting in their much
lower scattering power. The concentration of Au4 particles
had to be kept within quite a narrow range so that both
peaks could be observed simultaneously. Other combina-
tions were not so successful, which illustrates the limita-
tions of QELSc technique. Colloids Aul and Au6 were
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Fig. 4. QELS intensity distributions of the mixture of colloids
Au2:Au4.

excluded at the very beginning because their QELS curves
were unusable as described above. Combination of Au3:
Au4 did not give reasonable results because the size of the
colloids is too close and, as a result, the QELS curve of the
mixture exhibited just one peak. The same was true for a
Au3:Au5 mixture. Combination Au2:AuS could have been
used as well but the disadvantage in this case was too large
difference in particle sizes: as the QELS signal is propor-
tional to six power of particle diameter, the abundance of
colloid Au2 in comparison with Au5 would have had to be
too high.

In the fifth step, in vitro UHMWPE particles of differ-
ent sizes were prepared as described in the experimental
section and the QELS curves of their suspensions in iPrOH
were measured (Fig. 5). The intensity distribution curves
proved that PE particles give sufficient QELS signal. No
agglomerates were observed. Surprisingly, the intensity
distributions of all three suspensions, each of which con-
tained different particles, were more-or-less the same. This
may have been caused by inappropriate preparation of the
particles and/or the absence of their colloidal behavior due
to unsuitable solvent. The wrong preparation procedure
may have lead to the particles of the same size, which will
be checked by scanning electron microscopy of the isolated
particles on polycarbonate membrane. The unsuitable sol-
vent could also influence the results, because p(iPrOH) =
0.78 g/cm’ is significantly lower than p(UHMWPE) = 0.94
g/em’. As the UHMWPE particles were quite large, their
sedimentation could have destroyed the QELS signal. This
will be checked by QELS measurement of UHMWPE par-
ticles in a mixture of iPrOH and H,O with suitable density.

Conclusion

Determination of UHMWPE wear particles is not an easy
task. The weighing of the particles is imprecise due to their
tiny dimensions. That is why the authors of this work tried
to develop a new technique, called QELSc, which is based
on quasi-elastic light scattering. The results indicate that
the principle of the method is correct although there are se-
rious limitations concerning particle sizes, concentration
ranges and precision. The comparison of SAXS and QELS
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Fig. 5. QELS intensity distribution curve of the in vitro
UHMWPE wear particles.
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measurements also confirms that the agglomeration of the
particles is a crucial problem of QELSc. Experiments with
Au nanoparticles proved that QELSc can be employed in
estimating the number of unweighable amounts of parti-
cles. The first experiments with UHMWPE wear particles
yielded QELS intensity distribution curves without ag-
glomerates, but they seem to be insensitive to particle sizes,
which will be a subject of further study.
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Abstract

Ultra-high molecular weight polyethylene (UHMWPE) is
a semicrystalline polymer, used in medicine as a part of to-
tal joint replacements. The polymer is often modified by ir-
radiation and thermal treatment to improve its wear
resistance. These processes induce changes of
supermolecular structure, which can be followed by exper-
imental diffraction patterns from SAXS and WAXS meth-
ods. Our MDFT program makes it possible to calculate
theoretical diffraction patterns from SEM microphoto-
graphs. MDFT outputs both one- and two- dimensional dif-
fraction patterns; the 1D diffraction patterns of UHMWPE
yielded a semiquantitative values of long period, compara-
ble to those obtained from SAXS.

Introduction

Ultrahigh molecular weight polyethylene (UHMWPE) is
used in arthroplasty as a part of total joint replacements
(TJR). Numerous studies show that the life-limiting factor
for TJRs is the wear of UHMWPE [1]. To increase wear re-
sistance, UHMWPE is crosslinked by ionizing radiation,
such as gamma rays or accelerated electrons. After
crossliniking the material is thermally treated to remove
macroradicals, which may cause long-term oxidative deg-
radation [2]. Both crosslinking and thermal treatment influ-
ence molecular and supermolecular structure of
UHMWPE. The supermolecular structure affects other im-
portant properties of the material, such as stiffness, tough-

ness, creep and fatique behavior [3]. The changes of
supermolecular structure can be followed routinely by
means of small- and wide-angle X-ray scattering (SAXS
and WAXS) [4].

To get insight in the structural changes, we monitored
the UHMWPE after irradiation and thermal treatment also
with microscopic, spectroscopic and thermal techniques. In
this study we focus our attention on scanning electron mi-
croscopy (SEM). SEM micrographs show the UHMWPE
structure directly, but the information we obtain is only
qualitative. To obtain some (semi)quantitative informa-
tion, image analysis is needed. In the following text we
present a simple program, called MDFT, which can calcu-
late two-dimensional (2D) and one-dimensional (1D) dis-
crete Fourier transform (FT) of SEM microphotographs.
We show that this program yields semiquantitative infor-
mation analogous to what we obtain from SAXS curves.

Experimental part

Material. UHMWPE (Chirulen 1020, PolyHiSolidur) pre-
pared by compression molding, was used in all experi-
ments. Samples (50 x 50 x 1 mm) were cut from the rods,
which were intensively cooled to avoid structural changes
due to elevated temperature.

Irradiation. The samples were irradiated with accelerated
electrons, in air, at room temperature, with doses from 0 to
200 kGy and extremely high dose rates > 50 kGy/min. In
general the irradiation in air causes oxidative degradation
leading to chain scissions [5]. However, crosslinking pre-
dominates over chain scissions if very high dose rates are
used, as evidenced by both our investigations [6] and litera-
ture [7].
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