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Abstract

Ultra-High Molecular Weight PolyEthylene (UHMWPEa$ been the material of choice for
load-bearing articular components used in totahtjarthroplasty in the past 30 years.
However, the durability of the whole implant haseaf been compromised by oxidation of
UHMWPE components. Since the use of a suitablesdompatible stabilizer would minimize
this inconvenience, it has been introduced theipitisgto use Vitamin E.

In the present work, medical grade UHMWPE was endith 1.1, 2.3 and 11 mmol/l of
Vitamin E and consolidated by compression mouldiSgall block of reference and of
Vitamin E-blended UHMWPE where then electron bearadiated at 30, 60 and 90 kGy,
both in vacuum and in air. FTIR spectroscopy wasdu® monitor changes in both the
polymer and the additive. Thin sections of virgindaVitamin E-blended UHMWPE
irradiated were aged in air, at room temperatuckiarthe dark and the kinetic of oxidation
was followed by FTIR. The reaction between Vitargimnd macro-alkyl radicals or unlikely
with peroxy radicals has been demonstrated andralaton between the decrease of macro

radicals and the stabilization effect of Vitamim&s been shown.
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1. Introduction

Medical grade UHMWPE, synthesized with Ziegler-ldatatalysis, is a linear polymer with
low concentrations of chain imperfections [1,2] ardis generally additive-free, in
compliance with ASTM F648-07 [3].

The absence of stabilizing additives for the oxataprocess has created problems related to
oxidation of the polymer, mainly induced by stewliion with high energy radiation in air [4-
7], which often resulted in unexpected and dranfailares of the whole prosthetic implant.
Therefore, the stabilization of UHMWPE has becorhpromary relevance and, in the recent
past, ASTM F2656-07 [8)] introduced the possibitityusen-tocopherol or synthetic Vitamin
E, a natural antioxidant [9,10].

Vitamin E, whose annual production is in the oraér30.000 ton, has a well known
stabilizing effect against oxidation and it is allg approved by FDA as an additive for food
and food packaging. Its stabilizing effect in pdhydene has been studied both during melt
processing [11-13] and in solid state after irrddia[14-16].

In both cases, the first step of oxidation is theacage of C-C or C-H bonds, with the
formation of macroradicals, but the following presecan vary considerably between the two
scenarios.

Extensive studies have elucidated the mechanismtatfilization during melt processing
[17,18], which involves the formation of dimers amidners derivatives of Vitamin E, due to
the high concentration and poor dispersion of ttieitee and to a higher mobility of the
polymer molecules in the melt.

On the contrary, in the case of medical grade UHNBMBwer concentrations of Vitamin E

are usually employed and irradiation is carriedaiubom temperature.



The study of post-irradiation oxidation of gammiadtiated HDPE showed that the process
leads to the formation of the same oxidation prtglobtained in thermal-oxidation [19].
Post-irradiation oxidation of UHMWPE has recentgeh investigated and the oxidation path
has been discussed [20].

In this paper the attention is focused on the diodaprocess that takes place in electron
beam irradiated Vitamin E-blended UHMWPE after ldimge ageing in air, in order to verify
the effectiveness of Vitamin E as a stabilizerhiese conditions. Reactions among Vitamin E
and the macroradicals produced by irradiation avestigated and the stabilizing process is

discussed.

2. Experimental

2.1. Materials

GUR 1050 powder was blended with 1.1, 2.3 and 1Dblthwf pharmaceutical grade Vitamin
E, corresponding to 0.05, 0.1 and 0.5 w/w%, andalitated into large slabs, in accordance
with ASTM F2965 (Quadrant, Meditech Division, Fétayne, IN, USA and Orthoplastics
Ltd, Bacup, UK). Compression moulding of the powdeas carried out using the
temperature, pressure and time usually applieccdmsolidation of commercially available
UHMWPE. The precise combination of these variablamain proprietary, but it is well
known that high temperature (higher than 200°C) anredsure must be applied for long times
(several hours) in order to assure good consotidabf the powder [1]. Therefore,
homogeneous dispersion of Vitamin E can reasonadlgssumed. Moreover, FTIR Imaging
measurements, recorded with a 6 pné’ aperture, shows a uniform distribution of Vitangin
into the sample blended with 11 mmol/l of additive.

Commercially available grade GUR 1050 UHMWPE slabm the same batch were used as

reference material.



Thin sections (180 microns) were cut from the bfodky microtoming in air, at room
temperature (PolyCuts Microtome, Reichert-Jung, n@agry) and were electron-beam
irradiated at 30, 60 and 90 kGy both in vacuum endir. Electron beam irradiation was
performed with a 10 MeV accelerator (Bioster, Seri#taly), operating at 25 kW power, with
a dose rate of 6-1&Gy/h, at room temperature. After irradiation, séimples were kept in
liquid nitrogen, until FTIR measurements began. flamirradiated in air were aged in air, at

room temperature and in the dark.

2.2. FTIR spectroscopy

The FTIR measurements were performed on a Systdif 8pectrometer (Perkin-Elmer,
Shelton, Connecticut, USA). All spectra were runtlim sections in the transmission mode
with a 4 cn resolution and 16/32 scans per spectrum. The @aeaR20 crit, a combination
band associated with the twisting of £hvas used as an internal standard, since it can be
regarded as unaffected by minor changes in thenpiystructure [20]. At the peak at 2020
cm?, all the spectra were normalised at an absormfdh05, correlating to a film thickness
of ca. 100 pum.

The molar concentration of trans-vinylene and vidglble bonds was calculated from the
respective absorption bands using the molar abstriproposed by De Kock and Hol [21].
The degree of oxidation was determined by the letlisorption at 1718 ¢hnthe hydrogen
bonded hydroperoxide absorption at 3420'@nd the free hydroperoxide absorption at 3550
cm™. Total hydroperoxides (free plus hydrogen-bondedye detected after reaction with
nitrogen monoxide (NO) for 15 hours in a dark reactvessel. Under these conditions,
hydroperoxides in polyethylene are converted intwareasily detectable nitrates. The ROOH
concentration was calculated using the extinctioefficient of the absorption at 1630 ¢m

(1933 | mol* cm™), as reported by Lacoste et al. [19].



Carboxylic acid determination was done after demraiion with sulphur tetrafluoride (QF
[19].

The C-OH absorption at 1210 émnwvas used to monitor the Vitamin E content [22].

It is important to underline that we mostly referIR spectral subtraction; in fact very small
variations in the IR absorptions can be detectdairacting the spectrum of the reference,
virgin material from that of the irradiated samplie.the present conditions, we are able to
detect significant variations of about 0.002 abaode units (the detection limit of the
instrument is 0.0001 a.u.).

The rate of oxidation was calculated by taking tlezivative of the oxidation curve with

respect to time, using Origin software.

3. Resultsand Discussion

3.1. Electron beamirradiation in vacuumand in air

The effect of irradiation on UHMWPE in inert atmbspe has been widely discussed [23].
The feasibility of the reactions taking place ine tlpolymer bulk is governed by
thermodynamic and kinetic aspects. The kinetichef teactions involving macroradicals is
not only controlled by the species concentratiart, hostly by their statistical probability of
collision (i.e. by the pre-exponential factor ottkinetic constant), which depends by the
exposed cross-section and by their relative mgbiiitat is by diffusion itself [24].

Among the most abundant species formed upon itiadiasec-alkyl macroradicals can
migrate with a very high rate [20,23] along the moawolecular chain, via inter or intra-
molecular H transfer. On the contrary, macro-atBdlicals (obtained via migration of the
radical ina to a trans-vinylene double bond) and peroxy machoals (obtained if ©is
available) are set in fixed positions on the maaletular chain and the peroxy macro-
radicals can only spread for propagation of thelatkon process. In the actual conditions, the

mobility of the Vitamin E molecule is restricted ttte amorphous phase and, even there, it is
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quite limited due to the low diffusion coefficieot vitamin E (in the order of 1810° mnt/s)

in polyethylene at room temperature.

Figure 1 shows the consumption of the phenol groujitamin E in the function of the
absorbed dose, for blends with 11 mmol/l of Vitanith measured immediately after
irradiation in vacuum or in air respectively.

The consumption of the phenol function is propardicto the amount of macro-alkyl radicals
produced during irradiation (reaction 5, schemédth in vacuum and in air, with a slightly
higher efficiency in vacuum.

This means that macro-alkyl radicals can react Witamin E during irradiation in vacuum,
thanks to their high mobility [23]. On the contratlie same migration mechanism cannot be
applied to macro-allyl radicals, resulting in atistically lower chance of reaction for this
species.

In the literature, sterically hindered phenols gemerally believed to act as chain breaking
donor (CB-D) [25,26]. The mechanism of stabilizatiovolves the extraction of hydrogen
from the phenol group by a peroxy macroradical.

Our findings show that the interaction betweengbhexy macroradicals and Vitamin E does
not seem to be the main stabilization mechanistharpresent conditions.

In the presence of oxygen, there is a competitietween the reaction of the macro-alkyl
radicals with Vitamin E (reaction 5, scheme 1) ahdt with oxygen to form peroxy
macroradicals (reaction 7, scheme 1). For thisoreakhe consumption of Vitamin E is lower
if irradiation is carried out in air than in inemvironment.

Due to the Vitamin E chemical structure, the hy@émo@xtraction could involve not only the
phenol group position but also the hydrocarbonrcludithe molecule of Vitamin E. In any
case, at once or through a stabilization of thectire formed, we would obtain a resonance-

stabilizeda-tocopheryl radical [27].



Figure 2 shows the trans-vinylene double bonds extnation before and after irradiation of
virgin or Vitamin E-blended polyethylene irradiated vacuum (a) and in the presence of
oxygen (b) at 30, 60 and 90 kGy. It is well knovimattthe amount of trans-vinylene double
bonds increase proportionally to the radiation d#8]. In addition, the present findings

show that the trans-vinylene formation is not atfecby the presence of Vitamin E, nor by
the presence or absence of oxygen. This mean¥itaatin E does not influence the reaction
of hydrogen extraction, then it can be assumedtthsireaction takes place intramolecularly
(reaction 2, scheme 1), rather than via H-tranafe encounter of two macro-alkyl radical.
This evidence confirms the findings of Dole andeadues [29].

Figure 3 shows the vinyl concentration decreasengurradiation and how it is affected by

the presence of Vitamin E. The simultaneous pdggsilbor the macro-alkyl radicals to react

with Vitamin E or with vinyl double bonds results @ lower efficiency of this reaction in the

presence of Vitamin E. Thus, the presence of vitaBireduces crosslinking (reaction 4,
scheme 1) [30].

In addition the amount of vinyl double bonds in iresence of Vitamin E is already different
before irradiation (figure 3), even if the UHMWPHREnsples come from the same batch.
Commercially, UHMWPE powder is blended with Vitantthand then compression molded.
During processing, radicals can be produced ang ¢ha react with vinyl double bonds to

form a Y-shaped crosslink. Clearly, vitamin E inhthis reaction also during processing and,

when the concentration is equal or larger than tdolf, the crosslinking is reduced.

3.2. Post electron-beam irradiation oxidation
Figure 4 shows IR spectral subtractions for virgnd Vitamin E blended UHMWPE films,
irradiated at 90 kGy and aged in air, at room tawrmpee for different time, but to the same

oxidation level. The two spectra are nearly idalticndicating that even if oxidation takes



longer times to develop in Vitamin E-blended samptee oxidation products are the same
formed in virgin UHMWPE, thus the oxidation mechamiis still the same.

Among the oxidation products, it is important tadarine the presence of carboxylic acids,
detected after derivatization with §nd already found also by Carlsson [19]. Acids are
produced by scission of the polymeric chain whiebrdases the molecular mass and lead to a
progressive deterioration of the mechanical progedf the polymer.

In figure 5a and 5b ketone and hydroperoxide camagon obtained at increasing ageing
time for samples irradiated at 60 kGy with and withVitamin E are reported. At irradiation
doses 30 and 90 kGy similar results were obtained.

It can be observed that the build up of the oxadatproducts follows the same trend,
independently on the presence of Vitamin E, whiketbtal amount differs.

In figure 6a and 6b formation rates of ketones laydroperoxides are reported. The rates are
very high at the beginning of the post-irradiatmmocess, then they decrease very rapidly and
they approach zero at 150 hours.

As recently reported [20], the reaction at roomgerature between the macro-alkyl radicals
formed during irradiation and the oxygen dissolvedthe polymer can produce ketones
through a mechanism which does not involve theeabmposition of the hydroperoxides.
Unlike thermo-oxidation processes, in these coogtioxidation is not auto accelerated, but it
slow down in short time. Termination reactions ilated with the radicals decay, which can
form a non radical species through not yet cleathrapisms [23].

Figure 5 shows that the concentration of oxidaporducts is proportional to that of Vitamin
E; in the samples with 11 mmol/l of Vitamin E hydevoxides were impossible to detect,
their amount being lower than the detection linfithee instrument. The rate of formation of
the oxidation products (figure 6) in the present¥itamin E is lower than that of the virgin

sample.



Figure 7a and 7b show how the maximum concentratiokRetones and hydroperoxides,
formed after 2390 hours of post-irradiation oxutiola, is affected by the radiation dose and
by the amount of Vitamin E. These data are cordlavith the initial condition of the
process: at the beginning the process is slowertathe effect of the stabilizer, therefore the
total amount of oxidation products is proportiottathe amount of stabilizer and such amount
can be considered as a parameter to evaluateabiizhg effect, like the induction time in
thermo or photo oxidation processes.

The amount of ketones and hydroperoxides formea \irgin UHMWPE during the post-
irradiation time is proportionally higher at 30 k@&yan at 60 and 90 kGy. In agreement with
this behaviour, it has been reported that at dbsgiser than 30 kGy, the oxygen is the
limiting reactant [20]. Not all the radicals produacat doses higher than 30 kGy can react
with oxygen in the initial steps of the process.

When UHMWPE is mixed with Vitamin E, this saturaibehaviour is reached at higher

doses, being the amount of radicals availabledotr&ith oxygen lower.

4. Conclusions

When e-beam irradiation of Vitamin E stabilized UMNE is carried out under inert
atmosphere, a competition takes place between doyble bonds and Vitamin E to react
with macro-alkyl radicals formed upon irradiatidi.irradiation is carried out in air, the
number of reactive species rises to three, inclydiso oxygen. The rate of the reactions is a
function of the concentration of these species.

The interaction between macro-alkyl radicals anthiviin E results in the formation of an
tocopheryl radical, kinetically stable (reactionsgheme 1), then in a fast decrease of the
amount of macro-alkyl radicals. The reaction betwearacro-alkyl radical and oxygen
produces a peroxy macroradical, set in a definesitipa on the polymer chain, which can

only extract an H atom to form a hydroperoxyde aaghin, a macro-alkyl radical. In the

9



presence of Vitamin E, these reactions are inhdbibeit not avoided, due to the decrease in
macro-alkyl radicals (which react with Vitamin Endato the reaction of the peroxy
macroradical with Vitamin E (unlikely, considerinigpe lower mobility of the peroxy
macroradical compared to that of macro-alkyl raljlica

Furthermore, because of the simultaneous posgibilithe macro-alkyl radicals to react with
Vitamin E or vinyl double bonds , the crosslinkiei§iciency is diminished.

It must be pointed out that a post-irradiation @xion process is always initiated, when
UHMWPE is treated with high energy radiation, alsothe presence of vitamin E and it
results in the formation of the same oxidation picid. Nevertheless, even if vitamin E
cannot completely avoid the formation of the oxioatproducts, it has a clear stabilizing
effect against oxidation of UHMWPE.

It is also important to underline that in the preseof Vitamin E there is a decrease in the
crosslinking efficiency, but also a preservationtibé material from oxidation and chain

scissions, responsible for failures of the prosthetplants.
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L egendsto figures

Figure 1. Phenol group concentration (1210 Bmas a function of radiation dose in a film of

UHMWPE + 11 mmol/l of Vitamin E.

Figure 2. Trans-vinylene concentration (965 ®mas a function of radiation dosa) irradiation

process in vacuun) irradiation process in air.

Figure 3. Vinyl concentration (909 ci) as a function of radiation dosa) irradiation process in

vacuum;b) irradiation process in air.

Figure 4. Comparison between the oxidation products in GUBO1®olid line, oxidation time 215h)

and GUR 1050 + 1.1 mmol/l Vitamin E (dashed linddation time 1847h), both irradiated at 90 kGy;

Figure 5. Irradiation process in air at 60 kGy: keto(@® and hydroperoxid€b) (non-hydrogen

bonded plus hydrogen bonded) formation as a funatffageing time at RT.

Figure 6. Irradiation process in air at 60 kGy: rate of fotima of ketonega) and hydroperoxidetb)

(non-hydrogen bonded plus hydrogen bonded) asaifunof ageing time at RT.

Figure 7. Irradiation process in air. Amount of oxidation guats after 2390h of ageing time
in air at RT as a function of radiation doagketones)) total hydroperoxides (non-hydrogen

bonded plus hydrogen bonded).

15



0.012
1 = |rradiation process in air

0.010 1 o Irradiation process in vacuum

0.008 -

0.006 - "

0.004 - .

0.002 A

Phenol concentration [mol/l]

0 . OOO T T T T 1
0 20 40 60 80 100

Radiation dose [kGy]

Figure 1

16



= 0.016 -

E o GUR 1050 .

= 0.014 + = GUR 1050 + 1.1 mmol/l vit E A

-% 0.012 - & GUR 1050 + 2.3 mmol/l vit E

— .

E 0.010 | 4 GUR 1050 + 11 mmol/ vit E A

=

S 0.008 -

Q

L 0.006 -

g, 1

2 0.004 -

S

g 0.002 -

g

'- 0000 '- T T T T 1
0 20 40 60 80 100

Radiation dose [kGy]

= 0.016 - b

- o GUR 1050

-E- 0.014 | & GUR 1050 + 1.1 mmoll vit E 5

S 0.012 | 4 GUR 1050 + 2.3 mmolA vit E 4

[1+] .

£ 5010 4 4 GUR 1050 + 11 mmolA vit E

Q

S "

S 0.008 -

Q

L 0.006 - o

2 2

2 0.004 -

>

@ 0.002 -

i

'- 0000 '- T T T T 1
0 20 40 60 80 100

Radiation dose [kGy]

Figure 2

17



a
0.007 o GUR 1050
= 0.006 = GUR 1050 + 1.1 mmol/ vit E
g A GUR 1050 + 2.3 mmol/l vit E
= 0.005 7 4 GUR 1050 + 11 mmolA vit E
o A
:é;' 0.004 -
c n
S 0.003 - A
c
o ")
© 0.002 A
>
=
S 0.001 -
0 T T T T 1
0 20 40 60 80 100
Radiation dose [kGy]
0.007 b
' o GUR 1050
= 0.006 = GUR 1050 + 1.1 mmol/l vit E
2 A GUR 1050 + 2.3 mmol/l vit E
= 0.006 4 4 GUR 1050 + 11 mmolA vit E
Qo
& 0.004 - 4 A
5 i §
® 0.003 - =
c
Q
© 0.002 -
>
=
> 0.001 -
0 T T T T 1
0 20 40 60 80 100
Radiation dose [kGy]
Figure 3

18




Absorbance

T T
2500 2000
Wavenumber (cm-1)

Figure 4

19



GUR 1050

GUR 1050 + 1.1 mmolf vit E

o
0024 | " !
] A GUR 1050 +2.3 mmol/l vit E
S goo1] | A GUR1050+11 mmold vit E °
o
2 |
-g 0.018—- R a
"E 00154 . ° .
£ o012 ° . " A
A s
L]
S 00094 ot L a “
o oOg A
@ 1 N A
€ 0006 a4 . -
o N "
® 1 & Ak A
X 0003 A
'S
0000
T T T T T T
0 500 1000 1500 2000 2500
Time [hours]
Figure 5

20

Total hydroperoxide concentration [mol/l]

0.020 -
0.01a
0.016 -
0.014 4
0.012
0.010 4
0.008 -
0.006 4
0.004 -
0.002 4
0.000 1

° o
o
o
o
o
oo o GUR 1050
» GUR 1080 + 1.1 mmal/lvitE
n“ A GUR 1050 + 2.3 mmol/lvit E
- - - - | ]
o " . -
-
EAA Y-S A A a4 &
n
T T T T T T
0 500 1000 1500 2000 2500

Time [hours]




_ 1 b
0.00018 ] a 0.00021 ]
o
0000164 ° 1
. 0.00018 -
0000144 = 1
1 2 pooois4
o 0000124 & (S "
3 |
= 1 ° < 0.00012
. [ . 7 Fy
Q 000010 1 . o GUR 1050 3 | o GUR 1050
@ 0.00008 m GUR 10580 +1.1 mmol/lvit E g 0.00009 - B GUR 1050+ 1.1 mmolivit E
s { & A GUR 1050 +2.3 mmoll vit E e | = A GUR 1050 + 2.3 mmolil vit E
< 0.00006 A GUR 1050 +11 mmol/l vit E 2 goooogd A
S & o v
x i =) 1 e
= 0.00004 °
j 2 0.00003 1 o?®
0000024 g% = 1 ‘;Z.; SRR
1 0.00000 4 A n
0.00000 i & i i Iy o ] 2k i ¢
T T . T . : ——— — ———— ——— ————
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Time [hours] Time [hours]
Figure 6

21



0.035 - a
o GUR 1050
% 0.03 1| = GUR 1050 + 0.05% vit E
E 4 GUR 1050 +0.1% vit E
£ 002511 L GUR 1050 +0.5% vitE
= a
S 0.2
c
3
S 0.015 -
Q
o 4
@ 001 -
=) A
& 0.005
0 '- T T T T 1
0 20 40 60 80 100
Radiation dose [kGy]
0.025 - b
c o GUR 1050
-% = GUR 1050 + 0.05% vit E
£ 0.02 1[4 GUR 1050 +0.1% vit E
§ 4 GUR 1050 + 0.5% vit E o
S 0015 -
U =
==t
s E
s 001 -
Q.
o n
=
>
£ 0.005 - . R
S Y
Q
[
O '- T T T T 1
0 20 40 60 80 100
Radiation dose [kGy]
Figure 7

22




Hz
+
2 \/\/\/\/
CH; .
AN Ho + 02 O/O
4 5| 4 CH, 7
HyC 07 Nyt 6 \/\)\/\/
CH3
LI N
Oxidized products (ketones,
. SN NN carboxylic acids, etc.)
_OH
+ (0)
CH; \/\/I\/\/
0. +
CHs \/\/\/\/
H; C (o} CigHaz
CH;
Scheme 1

CH,
HO.
+ CH3
HyC 07 ey
CH,
______________________ >
8

H;C

CH;

CH;

CigHas

23




