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This study was aimed at comparing the oxidative degradation of commercial acetabular cups made of cross-
linked polyethylene (XLPE) and conventional ultrahigh molecular weight polyethylene (UHMWPE). After testing
against deliberately scratched CoCrMo femoral heads in a hip joint simulator, the cups, microtomed parallel to
the articulating surface, were analyzed by IR spectroscopy. Due to the potential for artifacts caused by absorbed
contaminants, the IR spectra were compared only after hexane extraction; actually, XLPE was found to absorb
more serum than UHMWPE. The two sets of unworn acetabular cups showed different oxidation patterns with
consequently different distributions of carbonyl species; unworn XLPE was characterized by lower contents of
carbonyl species and hydrogen-bonded alcohols and higher contents of trans-vinylene species than unworn
UHMWPE. Upon simulator testing, UHMWPE showed more significant changes in oxidation indexes and
distribution of carbonyl compounds than XLPE, confirming a better wear behavior for XLPE under the adopted
testing conditions.

1. Introduction the reduced fatigue and fracture resistance relative to conven-
tional UHMWPE!-20 Moreover, most of the laboratory studies
Total hip arthroplasty is one of the most successful and cost- have been done under clean conditions (i.e., using high-quality
effective surgical interventions in medicinend represents the  prostheses and highly polished counterfaces); therefore, there
most effective treatment for osteoarthritis of the hip joint. Due s concern regarding how well an XLPE acetabular cup will
to its excellent combination of properties, ultrahigh molecular resist abrasion by a femoral head that has been damaged by
weight polyethylene (UHMWPE) has been the most commonly third-body abrasion in vivo.
used bearing material for acetabular cups in total joint replace-  various studies have compared the wear behavior of UHM-
ment?3 However, in some cases, wear, failure, and delamination \WpE and XLPE against roughened counterf&ée®; however,
have been observed, and it is well-known that UHMWPE debris the reported results appear contradictory, reflecting the fact that
elicit osteolysis and foreign-body reactiér?. different testing conditions have been used and differently
New formulations of UHMWPE components have been processed materials have been tested. Some atitdrsave
developed in the past, with the goal of reducing creep and wearreported a better wear resistance for XLPE relative to conven-
rates. In recent years, a new approach using physicochemicational UHMWPE, while othe® have found the opposite wear
methods has been adopted to improve the wear performance obehavior. Apparently, not all methods of cross-linking are
UHMWPE and increase its mechanical properties, such as yieldpeneficial for wear resistance. On the contrary, some may be
stress and Young's modulus. Cross-linking of UHMWPE has downright deleterious, which should be remembered when
been performed using chemical agents such as perokides, XLPEs are discussed as a group of orthopedic bearing materials.
variable-dose ionizing radiatidi®,or electron-beam irradiation. To gain more insight into this subject, clinically available
Cross-linking occurs when free radicals, located in the amor- acetabular liners made of electron beam XLPE and conventional
phous regions of PE molecules, react to form a covalent bond yHMWPE were tested against deliberately scratched CoCrMo

between adjacent polyethylene molecules. _ femoral heads in a hip joint wear simulator run for three million
_ Highly cross-linked polyethylene (XLPE) is now widely used = cycles with bovine calf serum as lubricaft.Gravimetric
in acetabular components for total hip replaceméhsActu- measurements revealed significant differences between the wear

ally, cross-linking has been reported to improve the wear pehaviors of the two sets of acetabular cups: XLPE exhibited
characteristics with respect to non-cross-linked PE in clinical g wear rate about 40 times lower than that of conventional
studied>*3and laboratory tests using hip joint simulatéts!’ UHMWPE 26 Accordingly, Raman spectroscopy showed more
However, current XLPE has not yet gained widespread ac- pronounced crystallinity changes in the latter than in the
ceptance for joint replacement, partly due to concerns aboutfgrmer26
‘ The present paper was aimed at evaluating by IR spectroscopy
. *Q?rrﬁzponqung alilthtord('lj'e'l.-:l-39'85112094280' Fax+39051243119.  the oxidative degradation of the above-mentioned acetabular

N onersitad: Boloona ei@unibo.it cups. Actually, oxidative degradation has been identified as a

gna. ; .
# Istituti Ortopedici Rizzoli. prevalent factor in the breakdown of PE componéhtseing
8 Divisione di Ortopedia e Traumatologia. linked to changes in crystallinity (due to chain scission) and
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thus in the mechanical properties of the material, such as Table 1. Assignments (according to the literature*’~>%) of the
decreased fatigue strengﬁand the production of wear particles Components Obtained_ from the Second-Derivative Spectra in the
around the site of the implaAt.33 1785-1680 cm™* Region

band frequency

4 .
2. Materials and Methods (cm™) assignment
1687 unsaturated ketones?*7:48
2.1. Materials and Simulator Test Details. Three 28x 44 mm 1700 carboxylic acids*®%0
conventional UHMWPE and three 3844 mm highly XLPE acetabular 1714 dialkyl ketones®"*2
cups were tested in conjunction with six 28 mm CoCrMo femoral heads 1720 alkyl methy! ketones>'52
in a hip joint simulator. Another six acetabular cups (three for each 1730 aldehydes*®~50
type of material used) were stored (nonloaded) in bovine calf serum as 1740 esters85152
control specimens. 1749
All specimens tested were commercial components for surgical 1755 other carbonyl species®
implants (ISO 5834-2), manufactured and supplied by Zimmer, Inc., 1770
Warsaw, Indiana. Both types of PE cups were compression molded 1778 y-lactones®054

with no added calcium stearate (GUR 1050). According to the
information brochure, the XLPE cups (Longevity) were cross-linked spectral regions was used similarly to ISO/FDIS 5834(2005) to

by electron-beam irradiation at 4C to an absorbed dose of 9.5 Mrad, estimate the oxidation degree as total carbonyl compounds.

treated to a post-cross-linking heat treatment to quench free radicals, The AssodA1z00 absorbance ratio (calculated as peak areas) between
followed by gas plasma sterilization. During the post-cross-linking heat the 3505-3290 cnt! and 1336-1395 cn1? spectral regions was used
treatment, the PE was heated above the melting temperaturé ©)50 to evaluate the hydrogen-bonded hydroperoxide and alcohol contents.

for 6 h to break up crystals and mobilize free radic#isThe The ls37d12022 @absorbance ratio (calculated as peak heights) was used
conventional UHMWPE acetabular cups were sterilizegHyadiation to quantify the contribution of the alcoholic component to feod
(4 Mrad) in nitrogen. Ausoo ratio. Thelsgodl2022 andless/l2022 @absorbance ratios (calculated as

Wear tests were carried out one month after sterilization using a peak heights) were used to evaluate the non-hydrogen-bonded alcohol
12-station hip joint simulator (Shore Western, U.S.A.), with bovine and trans-vinylene contents, respectively.
calf serum as lubricant. The simulator setup and the followed procedure ~ Since in the articulating area the cups had a thickness of about 4
are described in detail elsewhéfeA frequency of 1 Hz, according to mm, the surface indexes were defined as the average of their values
the rotation test frequency, was applied with a sinusoidal load having from the sample articulating surface to a depth of 1-mm subsurface;
a peak magnitude of about 2 kN under room-temperature conditions the bulk indexes were defined as the average of their values corre-

23+ 1°C). sponding to the center 2-mm of material (i.e., obtained from a depth
The tests were performed with the cups mounteti wBh respect of 1 mm to a depth of 3 mm).

to the load axis. Severe testing conditions were achieved by roughening  The IR spectra of unworn and worn UHMWPE acetabular cups were

the femoral heads, as previously descriffed. fitted in the 1785-1680 cn1? range to detect the contribution of the
The total length of the wear test was set to three million cycles, various carbonyl species to the total absorption. For component analysis,

consistently with previous studiés At intervals of 0.5 million cycles, ~ the second-derivative spectra of the 178880 cnt* region were

the specimens were removed from the simulator for weight measure- sSmoothed with a nine-point smoothing function, and the found band

ments. Tests were restarted with new lubricant. frequencies (at about 1687, 1700, 1714, 1720, 1730, 1740, 1749, 1757,

22 IR Spectroscopy.After wear tests, one unworn control and 1770, and 1778 crﬁ) were used as Starting parameters for curve-fitting
two worn cups of each type of polyethylene were sectioned using a analysis. It was performed by means of a commercial software (Opus
Reichert-Jung microtome. The cutting depth was set to produce slices-0 from Bruker Optik GmbH, Germany), on the original spectra after
with a thickness of about 100m. The microtomed sections, taken baseline correction, using the LevenbeMarquardt algorithm. The
para||e| to the articu|ating Surface’ were ana|yzed by IR Spectroscopy IR COmpOnentS were described as Gaussian functions. The content of
eight months after sterilization. IR spectra were recorded in transmission €ach carbonyl species was calculated from the area of the individually
mode using a Nicolet 5700 Fourier Transform spectrophotometer assigned band (according to Tabl&2¢) and expressed as fraction of
(Thermo Electron Corporation). The spectral resolution was 4tcm  the total area of the carbonyl bands.

To assess the effect of potential contaminants on the apparent oxidation
levels, the spectra were measured before and after soaking of the thin 3 R

> ) . Results
sections in hexane at room temperature for 10 days. The actual thickness

of each section was evaluated by measuring the absorbance at 2022 Figure 1 reports the IR spectra corresponding to the unworn
cm 1% based on the assumptions that the reference absorbance Waggntrol UHMWPE and XLPE acetabular cups before and after
approximately proportional to the _thickness of the sample (an absor- hexane extraction. As can be easily seen from the spectra of
bance of 0.05 corresponds to a thickness of A0f) and independent Figure 1A, the hexane treatment of the UHMWPE acetabular
of the level of oxidation. cups did not cause any significant decrease in absorbance of

Several indexes were used to characterize the oxidative degradatio _ . . 1
of the sections. In general, peak areas were used to estimate oxidatiorr:the carbonylC=0 stretching bands in the 1780680 cnm

as the content of multiple oxidized species, while peak heights were range. This was not the case for the _XLPE cup (Figure 1B):
used to estimate oxidation as the content of a single oxidized species.Upgln hexane treatmer}t, th€=0 esterlc Compon}ent at 1738
The oxidation degree as carbonyl compounds was evaluated by two M und(larwent the h'g,heSt weakening and shifted to about
different indexes. Thé,c—o ketonesho absorbance ratio (calculated ~ +740 €. To quantitatively evaluate the effect of hexane
as peak heights) between the=O stretching ¢C=0) component of  €xtraction, theAx/Aizgo andl,c—o ketoneslhoy, indexes were
ketones (at 1718 and 1714 chin UHMWPE and XLPE, respectively) ~ calculated. The trend of these oxidation indexes in the first
and the band at 2022 crh(internal standard, CHvibration in both millimeter (i.e., the most superficial) of the unworn control
crystalline and amorphous B was used in agreement with other UHMWPE and XLPE acetabular cups before and after hexane
authoré2-46 to estimate the oxidation degree as ketone compounds. The €xtraction is reported in Figure 2.
AulAsznoabsorbance ratio (calculated as peak areas) between the 1785  As can be easily seen from Figure 2A,B, the hexane treatment
1680 cnr! and 1336-1395 cn1! (internal standard, CHbending) of UHMWPE did not cause significant changes of the oxidagﬂgv
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Figure 1. IR spectra recorded on two representative superficial

sections (i.e., within 1 mm from the articulating surface) of unworn
control UHMWPE (A) and XLPE (B) acetabular cups before (black)
and after (gray) hexane extraction. The spectra are normalized to
the absorbance of the 2022 cm~* band.
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indexes; in other words, the oxidation level of the cup remained
unaltered in terms of both total carbonyl oxidation produdts/(
Ai1300 and ketonesl (71412022, i.€., the main oxidation product.
This behavior perfectly resembles the trend of the spectra
reported in Figure 1A. The same trend was observed also for
the worn UHMWPE acetabular cups (data not shown).

Figure 2C shows that, upon hexane treatment of XLPE, the
Aox/A1300 Oxidation index underwent a significant decrease,
especially until a depth of about 7@@®n from the articulating
surface. An analogous result was observed also for the worn
XLPE acetabular cups. However, thg./A1300 decrease was
less pronounced and was observed in a more limited area (i.e.,
until 400—500um from the articulating surface).

The decrease of thB./A1300 OXidation index indicates that
XLPE absorbed from calf serum contains a substantial amount
of contaminants, which were removed by soaking in hexane.
The trend of Figure 2D indicates that the main component
extracted was not constituted by ketones. Actually, from the
spectra of Figure 1B, it appears clear that the highest weakening
was observed for the band at 1738 ¢mdue to esters.

On the basis of the obtained results, it must be observed that,
because of the potential for artifacts caused by absorbed
contaminants, the oxidation levels have to be compared only
after hexane extraction. Figure 3 reports the IR spectra of
unworn UHMWPE (black) and XLPE (gray) acetabular cups
after hexane extraction, and Table 2 reports the data obtained
for all the analyzed specimens. No significant changes were
observed between the surface and bulk values of each index.

Both spectra of Figure 3 show various bands due to oxidation
products, in some cases with different relative intensities. With
regard to thevC=O region, the spectrum of the unworn
UHMWPE acetabular cup showed as the main component the
ketone band at 1718 crh It appeared shifted to 1714 crhin
the spectrum of the unworn XLPE cup, which showed as the
main component that at about 1740 ¢indue to esters. Other
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Figure 2. Aox/A1300 (A) and h71s/ ho22 (B) vs distance from the articulating surface for an unworn UHMWPE acetabular cup before (®) and after
(a) hexane extraction; Aox/A1300 (C) and h714/lo22 (D) vs distance from the articulating surface for an unworn XLPE acetabular cup before (®)
and after (o) hexane extraction.
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Figure 3. IR spectra of unworn UHMWPE (black) and XLPE (gray) acetabular cups after hexane extraction. The spectra are normalized to the
absorbance of the 2022 cm™! band.

Table 2. Data (index value + standard deviation) Obtained from the IR Spectra of the Hexane-Soaked Unworn Control and Worn
UHMWPE and XLPE Acetabular Cups?

sample hc=0 ketones! l2022 Aoxl A1300 Az400/A1300 13370/ boo22 I3605/ lo022 loss/ o2
UHMWPE

unworn B 0.47 £ 0.01 B 0.16 &+ 0.01 B 0.28 £ 0.01 B 0.283 4+ 0.005 B 1.60 £+ 0.03 B 0.11 £+ 0.02
S0.48 +0.03 S0.17 £ 0.02 S0.31 +0.03 S 0.287 + 0.002 S1.58 + 0.05 S0.11 +£0.01

worn 1 B 0.37 £ 0.03 B 0.13 £ 0.02 B 0.24 £ 0.01 B 0.26 & 0.01 B 1.62 £+ 0.05 B 0.11 £ 0.01
S 0.40 +0.04 S0.14 +£0.03 S0.26 + 0.02 S0.27 £ 0.01 S 1.60 + 0.05 S0.13+0.02

worn 2 B 0.23 £ 0.05 B 0.12 £ 0.02 B 0.23 £ 0.01 B 0.25 £+ 0.01 B 1.64 £+ 0.05 B 0.14 £ 0.02
S0.21 +£0.02 S0.10 +£0.03 S0.25+0.02 S0.26 +£0.01 S1.68 + 0.05 S0.12+0.01

XLPE

unworn B 0.16 £+ 0.03 B 0.10 & 0.02 B 0.23 £ 0.01 B 0.25 £ 0.01 B 1.57 £ 0.07 B 0.45 £+ 0.03
S0.16 + 0.04 S0.10 £ 0.02 S0.23+0.01 S0.25+0.01 S 1.57 +0.06 S0.42 +£0.03

worn 4 B 0.14 £ 0.03 B 0.07 & 0.02 B 0.20 £ 0.01 B 0.249 4 0.005 B 1.58 + 0.05 B 0.44 £ 0.03
S0.10 +0.03 S0.06 +£0.01 S0.21 +£0.01 S 0.252 + 0.002 S1.59 + 0.05 S0.41 +£0.03

worn 5 B 0.11 £+ 0.03 B 0.07 & 0.01 B 0.20 £+ 0.01 B 0.253 4+ 0.002 B 1.63 £ 0.01 B 0.41 £+ 0.03
S0.12 +0.03 S0.06 +£0.01 S0.20 +£0.01 S 0.252 + 0.002 S1.58 +0.02 S0.40 +£0.03

aThe numbers used for indicating the cups were the same as in our previous paper.2® | indicates that absorbance was calculated as peak height; A
indicates peak area (see text for details). B = bulk; S = surface.

bands due to oxidation products were observed at about 3605dialkyl ketones: 31+ 3% and 7+ 2% of the total carbonyl
cm~! (vO—H of non-hydrogen-bonded alcoht149, 3435- compounds, respectively; Figure 5A); accordingly, the original
3370 cnt! (vO—H of hydrogen-bonded hydroperoxides and  spectrum showed as the main component in this range the band
alcohols, respectivef§©1.°45§, 1176 cmi* (vC—O of lactones  at about 1718 crri- (see Table 1 for assignment). However, in
and long linear estets®>%), 1080-1050 cn* (vC—O of addition, carboxylic acids, esters, and other carbonyl compounds
hydroperoxide$:*9), 965 cnt* (trans-vinylene, CH-CH?:51%), were quite abundant (26 4%, 14+ 2%, and 14+ 1% of the

905 cnt! (vinyl, CH=CH,*51%53 and 885 cm?! (vinylidene, total carbonyl species respéctively) '

C=CH,*5153, The most significant differences between the ' '
spectra of Figure 3 were observed for the band at 965'cim In unworn XLPE cups, the distribution of the carbonyl species
the 1785-1680 cnt?, and 3505-3290 cnt?! spectral ranges.  appeared significantly different; actually, as can be seen from
From a more quantitative point of view, the data reported in Figure 5B, carbonyl compounds were definitely less differenti-
Table 2 confirmed this qualitative result: The indexes which ated than for unworn UHMWPE (Figure 5A). Esters constituted
showed the most significant differences between unworn by far the most represented carbonyl compound+58% of
UHMWPE and XLPE acetabular cups wefgs/l2022 l.c=o the total carbonyl species; Figure 5B). Dialkyl ketones 19
ketonedl 2022 Aox/A1300 133712022 and AssodAszoo The unworn 2% of the total carbonyl species) were more abundant than

XLPE cups showed significantly lowé&fc=o ketonebl 2022andAgy/ :
Auzgoratios than unworn UHMWPE cups. Moreover, the= methyl alkyl l_<eton_es (13 2% of the total carbonyl spegles)
and carboxylic acids (& 2% of the total carbonyl species).

O spectral profile of the two sets of cups appeared significantly . .
different; accordingly, the fitted spectra showed pronounced Accordingly, the original spectrum of unworn XLPE showed
differences (Figure 4A,C) as well as the corresponding distribu- @s the main component the band at about 1740'cand the
tions of carbonyl compounds (Figure 5). In the unworn ketone band shifted to 1714 creflecting the fact that dialkyl
UHMWPE acetabular cups the mainly represented carbonyl ketones (band at 1712 cr) see Table 1 for assignment) became
species was constituted by ketones (methyl alkyl ketones andmore abundant than methyl alkyl ketones (band at 17221;:@DV
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Figure 5. Percentages (+standard deviations) of the different
carbonyl compounds detected in UHMWPE (A) and XLPE (B) unworn
and worn acetabular cups (2 and 5), as determined from the curve
fitting of the 1784—1679 cm~1 IR spectral range.

XLPE acetabular cups contained significantly higher amounts
of trans-vinylene species, as revealed by lgag1 022 ratio.

Upon simulator testing, UHMWPE acetabular cups showed
more significant changes than XLPE acetabular cups. As can
be seen from Table 2, the most significant changes involved
cup 2 (i.e., that which showed the most significant weight and

1780 1760 1740 1720 1700 1680 crystallinity change®), mainly concerning thi,c—o ketonebl 2022
Wavenumberfcm! ratio and to lesser extents also #g/A1zoo 1337d12022 andAgaod
Figure 4. 1784—1679 cm~! IR fitted spectra resolved into the Aq300 Values.
different components recorded on the surfaces (i.e., within 1 mm from ; ; — : P
the articulatirF\)g surface) of unworn UHMWPE((A),’ worn UHMWPE, Upon simulator testing, theC=0 sp_ectral profl_le signifi-
cup 2 (B), and unworn XLPE (C), after hexane extraction. cantly changed for UHMWPE; accprdlngly, the fitted spectra
showed pronounced changes (Figure 4B) as well as the

see Table 1 for assignment). Unsaturated ketones, aldehydesSorresponding distribution of carbonyl compounds (Figure

andy-lactones were less represented than in unworn UHMWPE SA): The contents of esters and other carbonyl compounds
cups. increased (from 14 2% to 24+ 4% and from 14+ 1% to 19

As can be easily seen from Table 2, unworn XLPE acetabular * 2%, respectively). At the same time, the contents of

boxylic acids decreased either on the surface (from:26
cups also showed lowessodArao and las7dlo0z2 values than  Caf ,
unworn UHMWPE cups, suggesting the presence of lower 4% t0 19+ 2%) or into the bulk (from 272 3% to 17+ 5%);

amounts of hydrogen-bonded alcohols and similar contents of Methyl alkyl ketones decreased only on the surface (front 31
hydrogen-bonded hydroperoxides. On the other hand, unworn3% to 21+ 5%).

UHMWPE and XLPE showed similargdl2022 values (0.66 Contrary to what was observed for UHMWPE, simulator
+ 0.03 and 0.70+ 0.03, respectively), confirming similar  testing did not induce any change in th@=0 spectral profile
amounts of hydroperoxides. Both sets of unworn specimens alsoof XLPE (the fitted spectra were nearly coincident with those
showed similar contents of non-hydrogen-bonded alcohols, asin Figure 4C) or in the distribution of carbonyl compounds
revealed by thésgod12022 Values. On the contrary, the unworn  (Figure 5B). CDV

Absorbance Units
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4. Discussion panies in support of-irradiation such as Zimmer, Inc., claim
that, byy-sterilizing polyethylene in a reduced oxygen environ-

The results reported in Figure 2 indicate that XLPE tended ment (nitrogen processing and packaging), free radicals are able
to absorb definitely more serurmamely, esteric compoungetls  to recombine rather than react with oxygen, leading to increased
than UHMWPE. cross-linking®® Actually, there is no scientific evidence that

Actually, the affinity of PE for lipids has been widely packaging ang-sterilization in a nitrogen environment instead
described’~®* esters of fatty acids have been reported to absorb of air really reduces oxidation significantly during long-term
on the surface of PE componetii§tand diffuse into therf?~6* storage and implantatiol.Researchers not in favor gfster-
Apolar components of synovial fluid, such as cholesterol and ilization claim that sterilizing polyethylene in an inert environ-
fatty acid esters of cholesterol and squalene, have been reporteghent will help to reduce the initial oxidation that occurs, but
to diffuse into UHMWPE during implant lif€* Absorption and  cannot eliminate oxidation due to the presence of dissolved
diffusion have been hypothesized to have a great diffusion on oxygen in polyethylene. Thus, the oxidation of UHMWPE
the mechanical properties: Absorbed and diffused speciescontinues for long periods of time followingrirradiation.
probably plasticize the material, causing a decrease of ultimate  gagiges having shown lower contents of carbonyl species,

tensile strength and ultimate elongation and thus of the resistance,nworn XLPE acetabular cups also showed lower amounts of
to abrasior?* However, a systematic study on the effects of py4rogen-honded alcohols. On the contrary, the unworn XLPE

apsorbeql lipid species on the mechanical properties of P.E. IS gcetabular cups contained significantly higher amounts of trans-
still lacking. On the other hand, an increased phospholipid vinylene species, as revealed by thedl.oz, ratio. For this

concentra_ltion in protein-containing Iubricant_s (_u_p to 5% wiv purpose, it must be observed that at room temperature the
phosphatidyl choline) has been reported to significantly reduce generation of free radicals and the reaction between them occur
the wear rate of UHMWPE in hip joint wear simulatdfs. simultaneously. As a consequence, carbecarbon double bonds
Due to the potential for artifacts caused by absorbed paye peen reported to form as a result of the occurrence of two
contaminants, the oxidation indexes were compared only aftera|ky| free radicals next to each other on the backbSne.
hexane extraction and are reported in Table 2. For this purpose gyigently, this situation occurs with higher probability for XLPE
it must be stressed that the data were presented as oxidationan, for UHMWPE, and thus, a higher content of internal double
indexes corresponding to surface and bulk areas of each samplgongs (j.e., trans-vinylene species) was observed in the former.
rather than as oxidation values versus distance from the o, the other hand. in the latter. other react®pscurred. which

articulating distance (i.e., as depth profiles). This choice was |4 tq higher concentrations of oxidized species (primarily,
due to the fact that no index showed significant changes with carbonyl compounds).

depth for any of the cups analyzed; in other words, the depth The obtained results indicate that UHMWPE and XLPE were

profile of all the oxidation indexes in all the cups was similar . . S .
to that reported in Figure 2 for hexane-soaked samples Manycharacterlz_ed_ by _dlfferent o>_<|da_t|on patterns with conse_quently
: different distributions of oxidation products. Actually, in the

studies have reported oxidation depth profiles for differently .
processed, sterilized, and aged UHMWPE specirfieis 6366 unworn UHMWPE acetabular cups, the mainly rgpresenteq
carbonyl species was constituted by ketones (Figure 5A);

Upon y-irradiation in air, right after irradiation or after short- Lo
A S . owever, carboxylic acids, esters, and other carbonyl compounds
term aging, oxidative changes have been reported to be maximal .
were also quite abundant. In unworn XLPE cups, carbonyl

on the surface of UHMWPE26466 Upon longer-term and d definitely less diff ated (Fi 5B) th
accelerated aging, maximum oxidation has been found abouyttOMpounds were ce initely less di erent!ate (Figure 5B) than
’ for unworn UHMWPE, and esters constituted by far the most

0.5—2 mm below the surfac®:53-56 These depth profiles have
represented carbonyl compound.

been explained in terms of both oxygen diffusion into the ) ) o
polymer and concentration of free radicals (mainly hydroper- Upon SlmU|aff0r testing of UHMWPE, the dl_strlbutlon of the
oxides) produced by-irradiation3-66 carbonyl species significantly changed (Figure SA): The
The oxidation data obtained in the present study appearedCONtents of esters and other carbonyl compounds increased,
more comparable to those reported for UHMWPE specimens while the contents of carboxylic acids and_ mgthy_l alkyl ke_to_nes
y-sterilized in nitrogen after short-term agiftf6for the latter decreased. An analogous trend for the distribution of oxidized
samples, as for ours, no significant changes in oxidation indexesCaPony! species was observed by Brach del PreveréTalese
with depth have been found. authors have f_ound hlght_ar_ester contents on the articulating worn
As can be seen from Table 2, the unworn XLPE cups showed surface of retrleveq EE tlbl.a| components than on the same area
significantly 1ower l,c—o ketonell 2022 and AodArz00 ratios than of new ones. Alimllar.dllstrlbutlon h.as been found alsq by
unworn UHMWPE cups. This finding appears a direct conse- Alk_)ertsson et all-"2for biotic degradation of PE in nonsterile
guence of the post-cross-linking heat treatment the XLPE cupsso'l'
underwent. This treatment was used to quench free radicals and No significant changes were observed in aldehyde content
actually led to the absence of detectable amounts of theseUpon simulator testing of UHMWPE, contrary to observations
specie$* With regard to the UHMWPE acetabular cups, it must Dby other author$73 after in vivo service and in vitro wear
be recalled that they were-sterilized. It is well-known that simulation. However, Imlach et &.have observed that aldehyde
y-irradiation of UHMWPE leads to long-lived macroradicals content always remained negligibly small in retrieved UHM-
which react with oxygen resulting in the formation of hydro- WPE acetabular components.
peroxides. These species decompose rapidly, yielding highly Some preferential oxidation pathways can be proposed to
reactive radicals which accelerate the oxidation process wheretentatively explain the distribution of oxidized products observed
different types of oxidation products are formed (carbonyl and in our samples. For this purpose, it must be stressed that
C=C unsaturated species, alcohds§é However, it must be oxidation is a complex phenomenon, different oxidation reac-
stressed that the UHMWPE cups under study were irradiatedtions can occur, and every oxidation product can derive from
under nitrogen, and this environment has been reported tomore than one pathwdy:58 As an example, from Scheme 1, it
reduce-with respect to sterilization in airoxidative degradation can be observed that carboxylic acids can derive from aldehydes,
occurring during short-term and accelerated a§ff§.Com- Norrish | reaction, oiB-scission of peroxy radicals. Differer&DV
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mechanisms have been proposed also for ester formation;the latter cups definitely showed less significant change in
according to two possible pathways, they derive from dialkyl oxidation indexes upon wear testing (Table 2). This finding
ketones (Scheme 1). However, recent pa3épg®have claimed appears in agreement with the previously reported gravimetric
that the condensation reaction between carboxylic acids andand Raman finding® which showed a better wear behavior
alcohols significantly contributes to the overall ester group for XLPE, under the adopted testing conditions. Therefore, our
production. findings seemed to confirm the results of McKellop ef%ed?

Our results seem to confirm this latter hypothesis. Actually, and Saikko et at*24 rather than those of Sakoda et #&l.:
the simulator testing of UHMWPE acetabular cups caused an Actually, gravimetric, Raman, and IR measurements disclosed
increase of the ester content and a simultaneous decrease of better wear resistance for XLPE relative to conventional
the carboxylic acid and alcohol contents. In fact, as can be seen UHMWPE. However, for this purpose, it must be stressed that
from Table 2, theds40dA1300andlzs7dl2022ratios decreased upon — a comparison is not completely allowed, since different testing
wear, suggesting the presence of lower amounts of hydrogen-conditions have been used and differently processed materials
bonded alcohols and similar amounts of hydrogen-bonded have been tested. In particular, it must be recalled that several
hydroperoxides. On the other hand, wear induced no significant different procedures can be used to obtain XLPE.
changes in thé;pgdl2022 ratio of UHMWPE (0.66+ 0.03 and
0.68+ 0.02 in unworn and worn cups, respectively). On the
basis of these results and of the constancy of the dialkyl ketone
content (see Scheme 1), it can be affirmed that the formation _ _ o ]
of higher concentrations of esters in worn UHMWPE was due ~ The present study investigated the oxidative degradation of
to the occurrence of a condensation reaction between carboxylicconventional UHMWPE and XLPE acetabular cups, tested under
acids and alcohols, whose contents decreased upon simulatofonditions more similar to the in vivo occurrence.
testing. The same reaction could also explain the different Due to the potential for artifacts caused by absorbed
distributions of carbonyl products observed in unworn UHM- contaminants, the oxidation indexes were compared only after
WPE and XLPE acetabular cups. The latter were characterized,hexane extraction. Actually, XLPE cups were found to absorb
if compared with the former, by higher amounts of esters and definitely more serum (especially esteric compounds) than
lower amounts of carboxylic acids (Figure 5) and alcohols (see UHMWPE.
Table 2). The unworn XLPE cups were characterized by lower contents

Contrary to the trend observed for UHMWPE, no significant of carbonyl species and hydrogen-bonded alcohols and higher
changes were observed in the distribution of carbonyl speciescontents of trans-vinylene species than unworn UHMWPE cups.
in the XLPE cups upon simulator testing (Figure 5B). Moreover, The two sets of unworn acetabular cups showed diffe&eg{/

5. Conclusions
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oxidation patterns with consequently different distributions of
oxidation products (carbonyl species in particular).

Upon simulator testing, UHMWPE showed more significant
changes in oxidation indexes and distribution of carbonyl
compounds than XLPE. In agreement with the previously
reported gravimetric and Raman resdftshese findings con-
firmed a better wear behavior for XLPE acetabular cups.
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