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ABSTRACT: Oxidative degradation of ultrahigh molecular
weight polyethylene (UHMWPE) bearings is one of the main
factors that deteriorates their mechanical properties and abrasive
wear resistance, which further results in the failure of total joint
replacements. Absorption and diﬀusion of synovial ﬂuids have
been considered as causes of the oxidation of UHMWPE
bearings. However, the role of synovial ﬂuids in oxidation of
UHMWPE remains elusive. In this work, we aimed to reveal the
oxidation mechanism of UHMWPE joints with respect to
squalene (a representative component of the synovial ﬂuid).
The UHMWPE doped in squalene showed slight oxidation, while
severe oxidation was observed when squalene doped UHMWPE
was exposed to oxygen atmosphere. Squalene manifested lipid
peroxidation with notable oxidation products and oxygen-derived
free radicals during thermo-oxidative aging. Lipid peroxidation was deduced to follow two routes including autoxidation and
thermal oxidation. The aggressive free radicals of squalene abstracted hydrogen atoms from the UHMWPE chains, initiating the
oxidation of UHMWPE artiﬁcial joints. These ﬁndings not only provide evidence for comprehending the process of squaleneinduced UHMWPE oxidation but also are instructive to develop highly oxidative-resistant UHMWPE.
KEYWORDS: oxidation mechanism, lipid, squalene, UHMWPE, accelerated aging, total joint replacement

1. INTRODUCTION
Ultrahigh molecular weight polyethylene (UHMWPE) is a
vital bearing material in total joint replacements due to its
excellent tribological and mechanical properties as well as good
biocompatibility.1−3 Despite the achievements in clinical
practice, oxidation of UHMWPE during service impairs its
wear resistance and fatigue strength, resulting in the clinical
failure commonly seen as osteolysis and prosthesis fracture.4,5
Since oxidation limits the overall lifetime and clinical success of
joint replacement, it is of vital importance to understand the
oxidation mechanism of UHMWPE implants.
It has been long believed that the oxidation of UHMWPE
bearings is caused by free radicals induced by irradiation.6,7
High-energy rays, usually γ rays or electron beams, can actuate
the bond cleavage of C−C or C−H to generate macroradicals,
which are precursors of oxidative instability of UHMWPE
implants.8 When exposed to dissolved oxygen, these macroradicals are easily converted to peroxyl radicals, which further
attack neighboring molecular segments through hydrogen
abstraction.9 The resultant hydroperoxides are constantly
© XXXX American Chemical Society

produced in a cyclic process, resulting in oxidation cascade
of UHMWPE.10,11 Hydroperoxides are unstable and further
degrade to form active radicals and products such as alkoxy
radical and carboxylic acid. They also give rise to chain scission
and degradation cascade over time, contributing to the
oxidation of irradiated UHMWPE.12,13
However, this oxidation mechanism has been challenged by
a series of recent clinical evidence. For example, it cannot
explain in vivo and post explant shelf oxidation of surgically
retrieved, radiation cross-linked UHMWPE liners with
completely quenched free radicals.14,15 Similarly, Costa et al.
detected trace oxidation products in the retrieved polyethylene
acetabular components.16 They speculated that it was related
to constituents, such as fatty acid, hyaluronic acid, squalene,
protein, cholesterol, and other lipids in the synovial ﬂuid,
absorbed on or penetrated in the UHMWPE implant. Currier
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were doped in squalene (Aladdin, Shanghai, China) under pure
oxygen or pure nitrogen at room temperature for the ﬁrst stage. After
transferring to the oven at 80 °C, some of the cubes were still aged in
squalene, while the others were taken out from squalene and aged in
pure oxygen for the second 7 days. For mode 3, the only diﬀerence
from mode 2 was that the cubes were aged at 80 °C in squalene for
the ﬁrst 7 days. Sample abbreviations and the corresponding aging
conditions at each stage are listed in Table 1 for ease of description.

et al. reported that there was a signiﬁcant correlation between
the observed oxidation and in vivo time for the retrieved,
remelted UHMWPE components.17 Orhun et al. observed
correlation between loss of oxidation stability of retrieved,
radiation cross-linked acetabular liners and their shelf storage
time.18 In a recent study, Oral et al. evaluated the oxidation of
UHMWPE bearing by incorporating four synovial ﬂuid
components as a clinically relevant accelerated aging environment and found that squalene was most powerful to cause the
oxidation of UHMWPE.19 However, it remains unclear how
synovial ﬂuids induce or accelerate UHMWPE oxidation.
In this scenario, we aimed to uncover the lipid-related
oxidation mechanism of UHMWPE by analyzing the oxidation
products after physiologically motivated in vitro accelerated
aging. Highly irradiated and melted UHMWPE was selected
for analysis, as previous studies demonstrated that radiation
induced free radicals were completely eliminated by the
remelting treatment.20,21 Squalene as a representative medium
was used to study the eﬀect of lipid on the oxidation of the
irradiated and melted UHMWPE. The pressure of 1 MPa was
selected to simulate the contact pressure applied on the joint
replacement in vivo with comparison to the standardized test
under 0.5 MPa.22,23 Other conditions were set according to
ASTM standard (ASTM F2003−02). The oxidation products
of squalene and the doped UHMWPE were analyzed using
Fourier transform infrared spectroscopy (FTIR) and free
radicals were evaluated using electron spin resonance (ESR).
On the basis of the analysis of oxidation products, the
oxidation path of UHMWPE induced by the squalene was
discussed.

Table 1. Abbreviations for 150 kGy-Irradiated and
Remelted UHMWPE Cubes with Diﬀerent Accelerated
Aging Conditionsa
aging condition

a

abbreviation

mode

ﬁrst 7 days

second 7 days

UH [ΔO2+ΔO2]
UH[SQ(pO2)+ΔO2]
UH[SQ(pN2)+ΔO2]
UH[SQ(pO2)+ΔSQ(O2)]
UH [ΔSQ(pO2)+ΔO2]
UH [ΔSQ(pN2)+ΔO2]
UH [ΔSQ(pO2)+ΔSQ(O2)]
UH [ΔSQ(pN2)+ΔSQ(O2)]

1
2
2
2
3
3
3
3

ΔO2
SQ(pO2)
SQ(pN2)
SQ(pO2)
ΔSQ(pO2)
ΔSQ(pN2)
ΔSQ(pO2)
ΔSQ(pN2)

ΔO2
ΔO2
ΔO2
ΔSQ(O2)
ΔO2
ΔO2
ΔSQ(O2)
ΔSQ(O2)

Symbols are deﬁned as follows:
remelted UHMWPE cubes; SQ
nitrogen; Δ = aging at 80 °C; p
aging conditions for the ﬁrst 7
separated by “+”.

UH = the 150 kGy-irradiated and
= squalene; O2 = oxygen; N2 =
= pressure (1 MPa in this study);
days and the second 7 days are

2.3. Fourier Transform Infrared Spectroscopy (FTIR)
Measurement. FTIR spectra were collected at room temperature
over the wavenumber range from 400 to 4000 cm−1 using a Nicolet
6700 FTIR spectrometer (Thermal Scientiﬁc, USA). All spectra were
obtained by averaging 16 scans at resolution of 4 cm−1 in transmission
mode. Then 0.3 mL of squalene was uniformly spread on the surface
of a KBr window. The oxidation level of squalene was accessed by
normalizing area of the carbonyl region under 1697−1747 cm−1 and
the hydroxy region under 3600−3200 cm−1 to that of invariant
trisubstituted double bonds under 790−890 cm−1.24,25 Thin ﬁlms
(approximately 60 mm) were microtomed from the aged UHMWPE
cubes. Oxidation index (OI) of UHMWPE was calculated by
normalizing area of the carbonyl region under 1680−1820 cm−1 to
that of CH2 under 1330−1390 cm−1 as an internal standard according
to ASTM F2102.
2.4. Electron Spin Resonance (ESR) Trapping Measurement.
ESR spin trapping measurement was carried out using a X-band
electron spin resonance spectroscopy (EMX Plus, Bruker, USA)
equipped with a high-sensitive and mixed mode cavity. The stable
organic free radical, 2,2-diphenyl-1-picrylhydrazyl (DPPH) was used
as an internal standard to ensure normal operation of the instrument.
To detect the singlet oxygen in squalene, 0.5 M TEMP (2,2,6,6tetramethylpiperidine, J&K, Peking, China) was mixed with the
squalene after aging and the untreated squalene under bath sonication
for 20 min. Measurements were carried out at a microwave frequency
of 9.8 GHz and a magnetic ﬁeld modulation frequency of 100 kHz.
The magnetic ﬁeld sweep width was 50 G, centered at 3500 G. ESR
spectra (ﬁrst derivative absorption) were recorded at 20 mW of
microwave power and 1 G of modulation amplitude at room
temperature. Meanwhile, 0.3 w/w PBN (N-tert-butyl-α-phenylnitrone, J&K, Peking, China) was mixed with the untreated squalene
to observe the formation of squalene free radicals at diﬀerent
temperature. The temperature was controlled by a variable temperature control unit (Bruker ER 4141 VT-I, USA). Measurements were
carried out at a microwave frequency of 9.4 GHz and a magnetic ﬁeld
modulation frequency of 100 kHz. The magnetic ﬁeld sweep width
was 50 G, centered at 3340 G. ESR spectrum (ﬁrst derivative
absorption) was recorded at room temperature, 80 °C, and 120 °C
with the same instrumental settings given above.

2. MATERIALS AND METHODS
2.1. Materials and Sample Preparation. Medical grade
UHMWPE powders (GUR1050, Ticona, UK) were consolidated
into slabs at 200 °C and 10 MPa. The as-prepared slabs were vacuumpackaged and electron beam irradiated to a total dose of 150 kGy at
Shanghai Institute of Applied Physics, Chinese Academy of Sciences,
China. The irradiated slabs were then vacuum melted at 140 °C for 1
h to eliminate the free radicals completely (Figure S1). Cubes
(approximately 10 × 10 × 10 mm3) were machined from the slabs for
the subsequent aging.
2.2. Accelerated Aging Experiments. The aging procedures
designed in this work are illustrated in Figure 1. The whole aging
process (a total of 14 days) was divided into two stages, namely the
ﬁrst 7 days and the second 7 days. There were three aging modes,
named mode 1, 2, and 3. For mode 1, the cubes were put in a highpressure vessel ﬁlled with pure oxygen at 1 MPa at 80 °C for the ﬁrst
7 days. Then the cubes were transferred into an oven with pure
oxygen at 80 °C and aged for another 7 days. For mode 2, the cubes

Figure 1. Schematic illustration of the accelerated aging process for
the 150 kGy-irradiated and remelted UHMWPE cubes.
B
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2.5. Statistical Analyses. There were at least three specimens for
all the tests. Statistical analysis was performed by using a Student’s ttest for two-tailed distributions with unequal variance where
applicable. Signiﬁcance was assigned to p < 0.05.

A3600−3200/A830 (<0.05) are observed for the squalene exposed
to nitrogen, being comparable to those of the unaged squalene,
while these ratio values increase signiﬁcantly when squalene
was exposed to oxygen. The value of A1697−1747/A830 and
A3600−3200/A830 is 0.05 ± 0.01 (p < 0.01) and 1.18 ± 0.23 (p <
0.001) for SQ(pO2), respectively. The severe oxidation of
ΔSQ(pO2) vanishes the internal standard peak. As a result, the
oxidation values cannot be calculated. As shown in the
photograph (inset of Figure 2c), SQ(pN2) is transparent and
colorless, in the same state as the unaged squalene. The color
of squalene changes after aging in pure oxygen. It becomes
light yellow for SQ(pO2) and further turns into orange for
ΔSQ(pO2).
3.2. Singlet Oxygen and Lipid-Related Radicals of
Squalene. The EPR with a spin trapping technique was used
to track the development of radicals associated with squalene
oxidation. The spectra shown in Figure 3a are obtained from

3. RESULTS
3.1. Structure Changes of Squalene. FTIR spectra of
squalene after the ﬁrst stage of accelerated aging are shown in
Figure 2a and b. The squalene exposed to nitrogen, such as

Figure 2. FTIR spectra of squalene aged under diﬀerent conditions in
the range of (a) 2000−3800 cm−1 and (b) 750−2200 cm−1 for the
ﬁrst 7 days. (c) Oxidation level of squalene under diﬀerent aging
conditions for the ﬁrst 7 days. Photograph of squalene (SQ) after the
ﬁrst aging stage is shown in the inset.

SQ(pN2) and ΔSQ(pN2), exhibit FTIR spectra similar to the
unaged one regardless of the aging temperature. In contrast,
the squalene exposed to oxygen, such as SQ(pO2) and
ΔSQ(pO2), shows strong peaks at 3600−3200 and 1747−
1697 cm−1, which are associated to the O−H stretching
vibration of hydroperoxide and CO stretching vibration of
carbonyl compounds, respectively. It indicates the oxidation of
squalene occurred, particularly at the aging temperature of 80
°C. The broad band centered at 3435 cm−1 shifts to higher
wavenumber (3453 cm−1), and the peak at ∼1720 cm−1
swallows the CC stretching peak at 1668 cm−1. In addition,
the peaks in the ﬁngerprint region (<1400 cm−1) decrease, and
the double bond peak at 830 cm−1 almost disappears.
Figure 2c depicts the speciﬁc value of A1697−1747/A830 and
A3600−3200/A830 to evaluate the oxidation level of squalene
quantitatively. Very low values of A1697−1747/A830 (<0.005) and

Figure 3. EPR spectra of (a) singlet oxygen trapped in the squalene
after aging under diﬀerent atmosphere for the ﬁrst 7 days and (b)
lipid-related radicals generated in squalene at diﬀerent temperature.

reaction solutions of TEMP-added squalene after exposure to
oxygen or nitrogen without heat and untreated nonreactive
solution. Triplet EPR spectra are observed, which is characteristic of the trapped singlet oxygen. The signal of squalene
exposed to nitrogen is similar to that of the unaged one, while
it is enhanced markedly for the squalene exposed to oxygen.
The lipid-related radicals generated in squalene trapped by
PBN were measured by heating squalene at diﬀerent
temperature. The divided three peaks (showing 6 peaks)
with special hyperﬁne splitting are assigned to lipid-related
radicals, like lipid alkyl radicals and lipid peroxyl radicals
(Figure 3b). The signal intensity increases with temperature.
C
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Notably, the signal intensity of squalene heated at 120 °C is
much stronger than that at room temperature.
3.3. Oxidation Analysis of UHMWPE Aged for the
First 7 Days. Figure 4a shows the FTIR spectra of UHMWPE

Figure 5. (a) FTIR spectra and (b) oxidation index of 150 kGyirradiated melted UHMWPE after diﬀerent aging conditions for the
second 7 days.
Figure 4. (a) FTIR spectra and (b) oxidation index of the UHMWPE
cubes after aging under diﬀerent conditions for the ﬁrst 7 days.

UH[SQ(pO2)+ΔO2] than UH[SQ(pN2)+ΔO2] and becomes
broad and intense for UH [ΔSQ(pO2)+ ΔO2].
The calculated OI values are shown in Figure 5b. Similar to
UH [ΔO2+ΔO2], the OI values are less than 0.1 for the
samples doped in squalene all along. All the doped UHMWPE
after exposure to oxygen in the second stage displays high OI
values regardless of the ﬁrst aging conditions (p < 0.001). The
OI values of UH[ΔSQ(pN2)+ΔO2] and UH[SQ(pO2)+ΔO2]
are 1.0 ± 0.2 and 1.2 ± 0.1, respectively, which are higher than
for UH[SQ(pN2)+ΔO2] (0.7 ± 0.1; p < 0.01). The highest
oxidation level is found in UHΔ[SQ(pO2)+O2] with the OI
value of 2.7 ± 0.6.

aged for the ﬁrst 7 days. The peaks at 1306, 1369, and 1468
cm−1 are attributed to diﬀerent vibrations of −CH2−, and the
peak at 1895 cm−1 belongs to carbon skeleton of UHMWPE.
There is almost no change in the spectra regardless of
temperature and ambient atmospheres. Only a very weak
carbonyl peak located at ∼1720 cm−1 appears in UHΔ[SQ(pO2)].
The calculated OI values are plotted in Figure 4b for
quantitative comparison. The average OI values of all samples
are comparatively low, although they show statistic diﬀerence.
The OI value of UH[SQ(pN2)] and UH[SQ(pO2)] is similar
to that of UHΔ[O2] (<0.1, p > 0.05), which can be deﬁned as
undetectable oxidation. While slight oxidation is observed in
the samples aged with squalene at 80 °C. The OI value is 0.10
for UHΔ[SQ(pN2)] and increases to 0.16 for UHΔ[SQ(pO2)].
3.4. Oxidation Analysis of UHMWPE Aged for the
Second 7 Days. To ascertain the eﬀect of doping manner on
the oxidation degree of irradiated and remelted UHMWPE,
the accelerated aging proceeded at 80 °C in pure oxygen for
the second 7 days. As shown in Figure 5a, the spectrum of
UH[ΔO2+ΔO2] is still the same as the ﬁrst stage, showing no
oxidation peak. There is also no apparent oxidation peak in the
samples doped in squalene for 14 days. In contrast, an
absorption peak centered at 1720 cm−1 appears in squalene
doped UHMWPE after exposure to oxygen. This CO band
is associated with oxidation products of ketones, carboxylic
acids, esters, and lactones. Being connected with the oxidation
tendency of the ﬁrst stage, the oxidation peak is stronger for

4. DISCUSSION
The oxidation stability of irradiated and melted UHMWPE has
been evaluated by a widely accepted thermo-oxidative
accelerating aging procedure, which involves oxygen atmosphere and temperature (usually at 80 °C).26−28 It has been
reported that the irradiated and remelted UHMWPE without
free radicals did not show any oxidation after thermo-oxidative
accelerating aging for 4 weeks, attributing to the oxidation
theory of radiation-induced free radicals.29 Our result of
UH[ΔO2+ΔO2] is consistent with the previous studies (Figure
5). However, noticeable oxidation is observed in irradiated and
melted UHMWPE after doping in squalene (a composition of
the synovial ﬂuid) and then undergoing the same thermooxidative accelerating aging. It strongly indicates that a
diﬀerent oxidation route exists in squalene doped UHMWPE.
To ﬁgure out the role of squalene in oxidation of
UHMWPE, the structural changes of squalene under
accelerated aging conditions were measured ﬁrst. FTIR spectra
and visual inspection both indicate that oxidation of squalene
D
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against humoral attack in vivo.33−35 It is encouraging to ﬁnd
that other types of antioxidants have also been introduced to
stabilize UHMWPE such as hindered amine light stabilizers
and polyphenols.36−40 More eﬀorts should be directed toward
assessing their oxidation stability in vivo.
There are several limitations of this study. First, only
squalene, which cannot represent exactly the synovial ﬂuid, is
used in the accelerated aging. While as an in vitro mechanism
study, squalene is suitable to provide a single stimulus to
induce radicals as a representative model of unsaturated
lipids,19 other relevant oxidizable lipids with unsaturated bonds
and saturated lipids (such as cholesteryl linoleate and
cholesteryl stearate) need to be further explored to conﬁrm
the universality of humoral induced oxidation of UHMWPE
implants. Second, the in vitro experiment is established under
ﬁxed gas pressure and external heat, which does not completely
represent the dynamic mechanical stresses and frictional heat
during gait motion. The model with repeated load cycling to
provide frictional heat may be further established to understand the oxidation mechanism under approximate clinical
conditions.41,42 Finally, free radicals of UHMWPE were not
detected by EPR in this work. Unlike the radiation induced
free radicals trapped in crystalline phase, squalene induced
radicals of UHMWPE in amorphous phase are unstable with
short survival time. In other words, it is impossible to detect
the free radical generation of UHMWPE by EPR. Hence, the
oxidation process of UHMWPE is inferred from the oxidation
products.
Despite these limitations, we elucidate the reason for
squalene stimulated UHMWPE oxidation with tangible
proof. In vivo peroxidation of lipid is common in patients
with osteoarthritis.43−46 Even after artiﬁcial joint replacement,
the newly formed synovial ﬂuid would also oxidize by the
overproduced reactive oxygen species generated during the
implantation surgical procedures,47−50 which carries a risk of
the subsequent oxidation of UHMWPE joint prosthesis. The
signiﬁcance of this work is three-fold. First, the mechanism of
squalene-induced UHMWPE oxidation is revealed by analyzing the chemical structural change of squalene and UHMWPE.
Second, the proposed in vitro model is more reliable to assess
the stability of the UHMWPE implants against biochemical
environment. At last, it motivates the development of
oxidation-resistant UHMWPE by advanced means to prolong
the service life of the implants.

occurred when exposed to oxygen, especially at the aging
temperature of 80 °C (Figure 2). Squalene has six unsaturated
double bonds, making it vulnerable to the oxygen attack.30 As
an electrophilic reagent, the singlet oxygen derived from high
pressure oxygen (Figure 3a) can oxidize squalene by ene
reaction to form hydroperoxides. The hydroperoxides are
further decomposed to generate other oxidation products such
as ketones, aldehydes, and carboxylic acids (Figure 2a). On the
other hand, the unsaturated double bonds of squalene are
susceptible to heat, resulting in the formation of alkyl radicals
through hydrogen abstraction (Figure 3b). The unstable
radicals can be oxidized into peroxyl, epoxy allylic, or alkoxyl
radicals and quickly transform into relatively stable oxidation
products in the presence of oxygen.
On the basis of the above discussion, the mechanism for
squalene induced oxidation of irradiated and melted
UHMWPE is deduced as displayed in Scheme 1. The
Scheme 1. Oxidation Mechanism of Squalene (SQ) and SQ
Induced Oxidation of Irradiated and Melted UHMWPE

oxidation of squalene is the prerequisite to cause the oxidation
of irradiated and melted UHMWPE, which follows two
diﬀerent routes. One route is autoxidation of squalene.
Hydroperoxides are generated in the presence of singlet
oxygen and further decomposed into oxygen-derived free
radicals. The other route is thermal oxidation through
hydrogen abstraction of double bonds. Alkyl radicals formed
by squalene can easily react with oxygen to generate oxygenderived free radicals. Then the aggressive free radicals
generated by the above two routes abstract hydrogen atoms
from the UHMWPE chains to initiate the oxidation cascade.
It is worth noting that the OI values of squalene doped
UHMWPE exposed to oxygen are higher than those kept in
squalene (Figure 5). This demonstrates that oxygen is a
primary factor to maintain the oxidation cascade. It is also in
line with a previous report that the most severe oxidation of
UHMWPE implants was found during post explant shelf
storage rather than in vivo.15 Nevertheless, it does not mean
that the irradiated and melted UHMWPE is immune from
oxidation since there is a small amount of dissolved oxygen in
squalene. It is attested by the observation of weak oxidation in
UH[ΔSQ(pO2)+ΔSQ(O2)] and UH[ΔSQ(pN2)+ΔSQ(O2)].
If the aging proceeds in the synovial ﬂuid long enough,
signiﬁcant oxidation can be predicted.
This work clearly demonstrates that only UHMWPE
without free radicals is insuﬃcient to ensure the long-term
oxidative stability. To resist complex biochemical environment,
it is imperative to develop UHMWPE implants with initiative
antioxidant performance. Stabilizing UHMWPE by antioxidants (such as vitamin E) has been historically proposed and
adopted as an alternative method to avoid loss in mechanical
properties caused by remelting.31,32 On the basis of the current
ﬁnding, the clinical signiﬁcance of using antioxidants also
contributes to the lasting protection of UHMWPE implants

5. CONCLUSIONS
The oxidation mechanism of irradiated and melted UHMWPE
related to squalene was formulated. After accelerated aging in
oxygen, squalene was oxidized signiﬁcantly under heat and
singlet oxygen. During this peroxidation process, the oxidative
radicals of squalene abstracted hydrogens from UHMWPE
molecule to initiate oxidation reaction. The oxidation cascade
of squalene doped UHMWPE was maintained by oxygen and
accelerated by heat. This work provides not only insight on the
oxidation of the remelted cross-linked UHMWPE bearings in
vivo and during post explant shelf storage but also a strong
motivation for the manufacturing of UHMWPE bearings with
longer service span.
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