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Ab stract
Wear par ti cles of ul tra-high mo lec u lar weight poly eth yl ene 
(UHMWPE) are con sid ered as the main cause of to tal hip
re place ments (THR) fail ures. Quan ti ta tive anal y sis of the
wear par ti cles is dif fi cult due to their tiny di men sions

(around 1 mm). In this work we in tro duce a tech nique,
based on quasi-elas tic light scat ter ing of gold and poly -
ethylene par ti cles in sus pen sion, which yields rel a tive
num bers for unweighable amounts of submicron par ti cles.

In tro duc tion
To tal re place ment of hu man hip joints, or to tal hip re place -
ments (THR), usu ally have two main com po nents: the first
is me tal lic and the sec ond is made of UHMWPE (ultrahigh
mo lec u lar weight poly eth yl ene). This poly mer is re garded
as the best pos si ble ma te rial for the ap pli ca tion due to its
ex cel lent fric tion and sat is fac tory me chan i cal prop er ties
[1]. Nev er the less, ar tic u la tion of the me tal lic and poly -
meric com po nent in THR leads to wear, i.e. for ma tion of

tiny UHMWPE par ti cles, whose size var ies around 1 mm.
The par ti cles are re leased to the sur round ings of THR,
where they in duce in flam ma tory re ac tions lead ing to
osteolysis. The whole pro cess is be lieved to be the main
cause of THR fail ures [2].

Fig. 1. TEM mi cro graphs of Au nanoparticles: (a) colloid Au1, (b) Au2, (c) Au3, (d) Au4, (e) Au5 and (f) Au6. The av er age sizes of the
colloids Au1, Au2, Au3, Au4, Au5 and Au6 are ca. 4, 10, 30, 100, 150 and 200 nm, re spec tively.
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One of the tasks in our pro ject is to de ter mine the num -
ber of UHMWPE wear par ti cles in zones around THR and
cor re late the num ber of par ti cles with the ex tent of tis sue
and bone dam age in these zones [3]. As the wear par ti cles
are al most in vis i ble even un der light mi cro scope, their
quan ti fi ca tion is not easy. Iso la tion of the wear par ti cles
and de ter mi na tion of their weight is pos si ble but it is quite
im pre cise due to their neg li gi ble size [4]. That is why we
tested sev eral other tech niques, which were not based on
par ti cles weigh ing. In this study we pres ent a tech nique re -
ly ing on quasi-elas tic light scat ter ing (QELS) of the par ti -
cles in so lu tion. QELS sig nal is quite strong even if the
stud ied sus pen sion con tains unweighable amount of par ti -
cles. How ever, stan dard QELS ex per i ments do not yield
the num bers of the par ti cles, only their in ten sity dis tri bu -
tion on rel a tive scale. Size range of the method is ap prox i -

mately from 1 nm to 6 mm, and the wear par ti cles have

di men sions ³ 0.1 mm. There fore we need to add to the sus -
pen sion of UHMWPE par ti cles a known amount of cal i bra -
tion par ti cles smaller than 100 nm, for ex am ple gold
nanoparticles of suit able size [5]. The o ret i cally, QELS
scat ter ing of a so lu tion con tain ing UHMWPE wear par ti -
cles and Au cal i bra tion par ti cles should give two-peak dis -
tri bu tion curve. The un known amount of the UHMWPE
par ti cles could be cal cu lated from the known amount of the 
Au par ti cles and rel a tive in ten sity of the two peaks.

The prin ci ple of the method, which we called QELSc
(i.e. QELS with cal i bra tion par ti cles), and which is briefly
de scribed in the pre vi ous para graph, is quite sim ple. From
the the o ret i cal point of view, QELSc should work per -
fectly. From the prac ti cal point of view the method has sev -
eral lim i ta tions, the most im por tant of which are
sum ma rized be low.

Ex per i men tal
Prep a ra tion of Au nanoparticles. The col loi dal so lu tions of 
Au nanoparticles with pre-cal cu lated size were pre pared by 
con trolled re duc tion of H[AuCl4]. The prin ci ple of the
prep a ra tion was de scribed as early as the last cen tury [6];

our slight mod i fi ca tion of this tech nique, al low ing pre-cal -
cu la tion of the pre pared par ti cles, ap peared re cently [5, 7].

Prep a ra tion of UHMWPE wear par ti cles. UHMWPE
wear par ti cles for test ing were pre pared in vi tro.
UHMWPE pow der was put into liq uid ni tro gen and pul -
ver ized so that very small par ti cles were ob tained. The
pow der was sus pended in propan-2-ol (= isopropyl al co -
hol, iPrOH) and sus pen sions of the par ti cles with sizes less

than 0.1, 1.0 and 5.0 mm were pre pared by filteration
through polycarbonate microfilters (Whatman).

Trans mis sion elec tron mi cros copy (TEM) of Au
nanoparticles was car ried out with mi cro scope JEM
200CX (Jeol). All TEM mi cro pho to graphs were taken at
ac cel er a tion volt age 100 kV and re corded with dig i tal cam -
era (MegaView).

Quasi-elas tic light scat ter ing (QELS) was mea sured
with Zetasizer Nano ZS (Malvern In stru ments Ltd.) in the
size mode. In ten sity dis tri bu tion curves were cal cu lated
with a gen eral model, with out any re stric tions im posed on
the mea sured data [8].

Small-an gle X-ray scat ter ing curves (SAXS) were ob -
tained with an up graded Kratky cam era equipped with a
po si tion-sen si tive de tec tor. The num ber dis tri bu tions of the 
par ti cle ra dii were cal cu lated from smeared scat ter ing data
us ing Glatter’s desmearing pro gram ITP [9].

 
Re sults and dis cus sion
The main goal of this study was the ver i fi ca tion of QELSc
method. In the first step, a set of col loi dal so lu tions of Au
nanoparticles with dif fer ent sizes were pre pared. The the o -
ret i cal sizes of the nanoparticles were pre-cal cu lated be fore 
the ex per i ment [5, 7] and the real sizes of Au nanoparticles
were de ter mined by im age anal y sis of TEM mi cro pho to -
graphs (Fig. 1).

In the sec ond step, the nanoparticles were sta bi lized
with PVP (polyvinylpyrrolidone) and their QELS curves
were mea sured (Fig. 2). Colloids Au1 and Au6 are not
shown in Fig. 2 be cause their QELS curves were un us able.
Colloid Au1 con tained the high est con cen tra tion of nano -
particles and so its in ten sity dis tri bu tion was dis torted due

Fig. 2. QELS in ten sity dis tri bu tions of colloids Au2, Au3, Au4
and Au5.

Fig. 3. SAXS num ber dis tri bu tions of  colloids Au1, Au2, Au3
and Au4.
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to for ma tion of ag glom er ates. The im pact of ag glom er a tion 
on the QELS in ten sity dis tri bu tion curve is very strong be -
cause each point of the curve is pro por tional to Nd×d6,
where d is the par ti cle di am e ter and Nd is the num ber of par -
ti cles with di am e ter d. Con se quently, the large par ti cles
and/or ag glom er ates dom i nate the in ten sity dis tri bu tion
even if their con cen tra tion is quite low. The ag glom er ates
are also ob served in the QELS curve of Au2 in the form of
the sec ond, lower peak. The in ten sity dis tri bu tion of
colloid Au3 did not ex hibit any ag glom er a tion, which ac -
cords with the fact that the con cen tra tion of nanoparticles
de creases with their in creas ing size; this re sults from our
prep a ra tion pro ce dure [5,7]. Colloid Au6 con tains the larg -
est and heavi est nanoparticles, whose fast sed i men ta tion
was vis i ble even with the na ked eye: within sev eral tens of
min utes a layer of Au6 nanoparticles ap peared at the bot -
tom of the flask. Gen er ally speak ing, Au6 had not ex hib -
ited col loi dal be hav ior any lon ger and this de stroyed the
QELS curve.

In the third step, SAXS and QELS curves of colloids
Au1, Au2, Au3 and Au4 were com pared to get in sight into
par ti cles be hav ior in so lu tion. SAXS curves of Au5 and
Au6 colloids could not be mea sured be cause their
nanoparticles ex ceeded the SAXS res o lu tion (1 - 100 nm).
A com par i son of in ten sity dis tri bu tion curves from QELS
with stan dard num ber dis tri bu tion curves from SAXS
proved that the un usual shape of Au1 and Au2 in ten sity
dis tri bu tion curves could be ac counted for ag glom er a tion,
which is over es ti mated in QELS.

In the fourth step, var i ous pairs of colloids with dif fer -
ent sizes were mixed. The best re sults were ob tained with a
mix ture Au2:Au4; rel a tive in ten sity of the peaks changed
in agree ment with chang ing Au2:Au4 ra tio (Fig. 4). The
con cen tra tion of Au2 par ti cles had to be much higher be -
cause of their smaller di men sions re sult ing in their much
lower scat ter ing power. The con cen tra tion of Au4 par ti cles 
had to be kept within quite a nar row range so that both
peaks could be ob served si mul ta neously. Other com bi na -
tions were not so suc cess ful, which il lus trates the lim i ta -
tions of QELSc tech nique. Colloids Au1 and Au6 were

ex cluded at the very be gin ning be cause their QELS curves
were un us able as de scribed above. Com bi na tion of Au3:
Au4 did not give rea son able re sults be cause the size of the
colloids is too close and, as a re sult, the QELS curve of the
mix ture ex hib ited just one peak. The same was true for a
Au3:Au5 mix ture. Com bi na tion Au2:Au5 could have been
used as well but the dis ad van tage in this case was too large
dif fer ence in par ti cle sizes: as the QELS sig nal is pro por -
tional to six power of par ti cle di am e ter, the abun dance of
colloid Au2 in com par i son with Au5 would have had to be
too high.

In the fifth step, in vi tro UHMWPE par ti cles of dif fer -
ent sizes were pre pared as de scribed in the ex per i men tal
sec tion and the QELS curves of their sus pen sions in iPrOH
were mea sured (Fig. 5). The in ten sity dis tri bu tion curves
proved that PE par ti cles give suf fi cient QELS sig nal. No
ag glom er ates were ob served. Sur pris ingly, the in ten sity
dis tri bu tions of all three sus pen sions, each of which con -
tained dif fer ent par ti cles, were more-or-less the same. This
may have been caused by in ap pro pri ate prep a ra tion of the
par ti cles and/or the ab sence of their col loi dal be hav ior due
to un suit able sol vent. The wrong prep a ra tion pro ce dure
may have lead to the par ti cles of the same size, which will
be checked by scan ning elec tron mi cros copy of the iso lated 
par ti cles on polycarbonate mem brane. The un suit able sol -

vent could also in flu ence the re sults, be cause r(iPrOH) =

0.78 g/cm3 is sig nif i cantly lower than r(UHMWPE) = 0.94 
g/cm3. As the UHMWPE par ti cles were quite large, their
sed i men ta tion could have de stroyed the QELS sig nal. This
will be checked by QELS mea sure ment of UHMWPE par -
ti cles in a mix ture of iPrOH and H2O with suit able den sity.

Con clu sion
De ter mi na tion of UHMWPE wear par ti cles is not an easy
task. The weigh ing of the par ti cles is im pre cise due to their
tiny di men sions. That is why the au thors of this work tried
to de velop a new tech nique, called QELSc, which is based
on quasi-elas tic light scat ter ing. The re sults in di cate that
the prin ci ple of the method is cor rect al though there are se -
ri ous lim i ta tions con cern ing par ti cle sizes, con cen tra tion
ranges and pre ci sion. The com par i son of SAXS and QELS

Fig. 4. QELS in ten sity dis tri bu tions of the mix ture of colloids
Au2:Au4.

Fig. 5. QELS in ten sity dis tri bu tion curve of the in vi tro
UHMWPE wear par ti cles.
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mea sure ments also con firms that the ag glom er a tion of the
par ti cles is a cru cial prob lem of QELSc. Ex per i ments with
Au nanoparticles proved that QELSc can be em ployed in
es ti mat ing the num ber of unweighable amounts of par ti -
cles. The first ex per i ments with UHMWPE wear par ti cles
yielded QELS in ten sity dis tri bu tion curves with out ag -
glom er ates, but they seem to be in sen si tive to par ti cle sizes, 
which will be a sub ject of fur ther study. 
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Ab stract
Ul tra-high mo lec u lar weight poly eth yl ene (UHMWPE) is
a semicrystalline poly mer, used in med i cine as a part of to -
tal joint re place ments. The poly mer is of ten mod i fied by ir -
ra di a tion and ther mal treat ment to im prove its wear
re sis tance. These pro cesses in duce changes of
supermolecular struc ture, which can be fol lowed by ex per -
i men tal dif frac tion pat terns from SAXS and WAXS meth -
ods. Our MDFT pro gram makes it pos si ble to cal cu late
the o ret i cal dif frac tion pat terns from SEM mi cro pho to -
graphs. MDFT out puts both one- and two- di men sional dif -
frac tion pat terns; the 1D dif frac tion pat terns of UHMWPE
yielded a semiquantitative val ues of long pe riod, com pa ra -
ble to those ob tained from SAXS.

In tro duc tion
Ultrahigh mo lec u lar weight poly eth yl ene (UHMWPE) is
used in arthroplasty as a part of to tal joint re place ments
(TJR). Nu mer ous stud ies show that the life-lim it ing fac tor
for TJRs is the wear of UHMWPE [1]. To in crease wear re -
sis tance, UHMWPE is crosslinked by ion iz ing ra di a tion,
such as gamma rays or ac cel er ated elec trons. Af ter
crossliniking the ma te rial is ther mally treated to re move
macroradicals, which may cause long-term ox i da tive deg -
ra da tion [2]. Both crosslinking and ther mal treat ment in flu -
ence mo lec u lar and supermolecular struc ture of
UHM WPE. The supermolecular struc ture af fects other im -
por tant prop er ties of the ma te rial, such as stiff ness, tough -

ness, creep and fatique be hav ior [3]. The changes of
supermolecular struc ture can be fol lowed rou tinely by
means of small- and wide-an gle X-ray scat ter ing (SAXS
and WAXS) [4]. 

To get in sight in the struc tural changes, we mon i tored
the UHMWPE af ter ir ra di a tion and ther mal treat ment also
with mi cro scopic, spec tro scopic and ther mal tech niques. In 
this study we fo cus our at ten tion on scan ning elec tron mi -
cros copy (SEM). SEM mi cro graphs show the UHMWPE
struc ture di rectly, but the in for ma tion we ob tain is only
qual i ta tive. To ob tain some (semi)quan ti ta tive in for ma -
tion, im age anal y sis is needed. In the fol low ing text we
pres ent a sim ple pro gram, called MDFT, which can cal cu -
late two-di men sional (2D) and one-di men sional (1D) dis -
crete Fou rier trans form (FT) of SEM mi cro pho to graphs.
We show that this pro gram yields semiquantitative in for -
ma tion anal o gous to what we ob tain from SAXS curves.

Ex per i men tal part
Ma te rial. UHMWPE (Chirulen 1020, PolyHiSolidur) pre -
pared by com pres sion mold ing, was used in all ex per i -
ments. Sam ples (50 x 50 x 1 mm) were cut from the rods,
which were in ten sively cooled to avoid struc tural changes
due to el e vated tem per a ture.
Ir ra di a tion. The sam ples were ir ra di ated with ac cel er ated
elec trons, in air, at room tem per a ture, with doses from 0 to
200 kGy and ex tremely high dose rates > 50 kGy/min. In
gen eral the ir ra di a tion in air causes ox i da tive deg ra da tion
lead ing to chain scis sions [5]. How ever, crosslinking pre -
dom i nates over chain scis sions if very high dose rates are
used, as ev i denced by both our in ves ti ga tions [6] and lit er a -
ture [7].


