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ABSTRACT 

The present invention relates to methods for making oxida 
tion resistant medical devices that comprise polymeric mate 
rials, for example, ultra-high molecular Weight polyethylene 
(UHMWPE). The invention also provides methods of mak 
ing antioxidant-doped medical implants, for example, dop 
ing of medical devices containing cross-linked UHMWPE 
With vitamin E by diiTusion, post-doping annealing, and 
materials used therein. 
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METHODS FOR MAKING OXIDATION 
RESISTANT POLYMERIC MATERIAL 

[0001] This application claims the bene?t of US. Provi 
sional Application Ser. No. 60/569,624, ?led May 11, 2004, 
Which is incorporated by reference. 

FIELD OF THE INVENTION 

[0002] The present invention relates to methods for mak 
ing oxidation resistant medical devices that comprise poly 
meric materials. Methods of doping polyethylene With an 
antioxidant (for example, vitamin E) post-doping annealing, 
and materials used thereWith also are provided. 

BACKGROUND OF THE INVENTION 

[0003] Oxidation resistant cross-linked polymeric mate 
rial, such as ultra-high molecular Weight polyethylene 
(UHMWPE), is desired in medical devices because it sig 
ni?cantly increases the Wear resistance of the devices. The 
preferred method of crosslinking is by exposing the UHM 
WPE to ioniZing radiation. HoWever, ioniZing radiation, in 
addition to crosslinking, also Will generate residual free 
radicals, Which are the precursors of oxidation-induced 
embrittlement. Melting during or after irradiation has been 
used to eliminate the crystals and alloW the residual free 
radicals to recombine With each other. The irradiation With 
subsequent melting is used to reduce the potential for 
oxidation secondary to the residual free radicals. HoWever, 
such melting reduces the crystallinity of UHMWPE, Which, 
in turn, decreases the yield strength, ultimate tensile 
strength, modulus, and fatigue strength of UHMWPE. For 
certain applications that require high fatigue resistance, such 
highly crosslinked UHMWPE (that is irradiated and melted) 
may not be suitable; because, fatigue failure in the long term 
may compromise the performance of the medical device. 
Therefore, there is a need to either eliminate the residual free 
radicals or the oxidative effect of residual free radicals 
Without melting. Such a method Would preserve the crys 
tallinity of the irradiated UHMWPE and also preserve the 
mechanical properties and fatigue resistance. 

[0004] It is generally knoWn that mixing of polyethylene 
poWder With an antioxidant prior to consolidation may 
improve the oxidation resistance of the polyethylene mate 
rial. Antioxidants, such as vitamin E and [3-carotene, have 
been mixed With UHMWPE poWder or particles by several 
investigators (see, Mori et al. p. 1017, Hand-out at the 47th 
Annual Meeting, Orthopaedic Res Soc, Feb. 25-28, 2001, 
San Francisco, Calif.; McKellop et al. WO 01/80778; 
Schalfner et al. EP 0 995 450; Hahn D. US. Pat. No. 
5,827,904; Lidgren et al. US. Pat. No. 6,448,315), in 
attempts to improve Wear resistance. Mori et al. also 
described that irradiation does not decrease the oxidation 
resistance of antioxidant-doped polyethylene. The investi 
gators (see, McKellop et al. WO 01/80778; Schalfner et al. 
EP 0 995 450; Hahn D. US. Pat. No. 5,827,904; Lidgren et 
al. US. Pat. No. 6,448,315) described mixing polyethylene 
poWder With antioxidants, folloWed by consolidating the 
antioxidant-poWder mix to obtain oxidation resistant poly 
ethylene. Mixing of the resin poWder, ?akes, or particles 
With vitamin E and consolidation thereafter result in changes 
in color of polymeric material to yelloW (see for example, 
US. Pat. No. 6,448,315). In addition, the addition of the 
antioxidant to the UHMWPE prior to irradiation can inhibit 
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crosslinking of the UHMWPE during irradiation. HoWever, 
crosslinking is needed to increase the Wear resistance of the 
polymer. Therefore, it Would be preferable to have a medical 
implant, or any polymeric component thereof, doped With an 
antioxidant and subsequent annealing in its consolidated 
solid form, such as feed-stock, machined components, or 
molded components. 

SUMMARY OF THE INVENTION 

[0005] The present invention relates generally to methods 
of making oxidation resistant medical devices that comprise 
one or more polymeric materials, as Well as such materials 
made thereby. More speci?cally, the invention relates to 
methods of manufacturing antioxidant doped medical 
devices containing cross-linked polyethylene, for example, 
cross-linked ultra-high molecular Weight polyethylene 
(UHMWPE), and materials used therein, as Well as such 
materials made thereby. More speci?cally, the invention 
relates to methods of manufacturing antioxidant-doped, non 
oxidiZing medical device containing cross-linked polyeth 
ylene With residual free radicals, for example, irradiated 
ultra-high molecular Weight polyethylene (UHMWPE) and 
materials used therein, and materials made thereby. 

[0006] In one aspect, the invention provides methods of 
making cross-linked polymeric material comprising the 
steps of: a) providing consolidated and cross-linked poly 
meric material that has been irradiated With ioniZing radia 
tion; b) doping the consolidated and cross-linked polymeric 
material With an antioxidant by diffusion; and c) annealing 
the antioxidant-doped cross-linked polymeric material in 
liquid or gaseous environment and under various tempera 
ture and pressure conditions, for example, in boiling Water 
under atmospheric pressure. Cross-linked polymeric mate 
rials obtainable by these methods also are provided. 

[0007] In another aspect, the invention provides methods 
of making cross-linked polymeric material comprising the 
steps of: a) providing consolidated and cross-linked poly 
meric material that has been irradiated With ioniZing radia 
tion; b) doping the consolidated and cross-linked polymeric 
material With an antioxidant by diffusion; c) annealing the 
antioxidant-doped cross-linked polymeric material in liquid 
or gaseous environment and under various temperature and 
pressure conditions, for example, in boiling Water under 
atmospheric pressure; and d) heating the consolidated and 
cross-linked polymeric material to a temperature beloW the 
melting point of the consolidated and cross-linked polymeric 
material. Cross-linked polymeric materials obtainable by 
these methods also are provided. 

[0008] In another aspect, the invention provides methods 
of making cross-linked polymeric material, Wherein the 
cross-linked polymeric material is soaked in a solution, of 
about 50% by Weight, of an antioxidant in an alcohol, such 
as ethanol, Wherein the cross-linked polymeric material is 
diffused With the antioxidant in a supercritical ?uid, such as 
CO2. Cross-linked polymeric materials obtainable by these 
methods also are provided. 

[0009] In another aspect, the invention provides methods 
of making cross-linked polymeric material comprising the 
steps of: a) placing a consolidated and cross-linked poly 
meric material in a pressure chamber; b) ?lling the chamber 
With an antioxidant, either in a neat form (about 100%) or in 
a solution such as a 50% mixture of the antioxidant and 
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alcohol, such as ethanol; c) pressuriZing the chamber to 
enhance dilTusion of the antioxidant into the consolidated 
and cross-linked polymeric material; and d) annealing the 
antioxidant-doped cross-linked polymeric material in liquid 
or gaseous environment and under various temperature and 
pressure conditions, for example, in boiling Water under 
atmospheric pressure. Cross-linked polymeric materials 
obtainable by these methods also are provided. 

[0010] In another aspect, the invention provides methods 
of making cross-linked polymeric material comprising the 
steps of: a) doping the consolidated polymeric material With 
an antioxidant by dilTusion; and b) annealing the antioxi 
dant-doped polymeric material in liquid or gaseous envi 
ronment and under various temperature and pressure con 
ditions, for example, in boiling Water under atmospheric 
pressure; c) irradiating the consolidated polymeric material 
With ioniZing radiation, thereby forming a consolidated and 
cross-linked polymeric material; and d) annealing the con 
solidated and cross-linked polymeric material at a tempera 
ture beloW or above melt of the consolidated and cross 
linked polymeric material. Cross-linked polymeric materials 
obtainable by these methods also are provided. 

[0011] According to another aspect, the invention provides 
methods of making cross-linked polymeric material, com 
prising the steps of: a) consolidating a polymeric material; b) 
irradiating the polymeric material With ioniZing radiation, 
thereby forming a consolidated and cross-linked polymeric 
material; c) doping the consolidated and cross-linked poly 
meric material With an antioxidant by dilTusion; d) annealing 
the antioxidant-doped cross-linked polymeric material in 
liquid or gaseous environment and under various tempera 
ture and pressure conditions, for example, in boiling Water 
under atmospheric pressure; and e) heating the consolidated 
and cross-linked polymeric material at a temperature beloW 
the melting point of the consolidated and cross-linked poly 
meric material. Cross-linked polymeric materials obtainable 
by these methods also are provided. 

[0012] In another aspect, the invention provides methods 
of making a medical implant comprising: a) providing a 
polymeric material; b) consolidating the polymeric material; 
c) irradiating the consolidated polymeric material With ion 
iZing radiation, thereby forming a consolidated and cross 
linked polymeric material; d) machining the consolidated 
and cross-linked polymeric material, thereby forming a 
medical implant; e) doping the medical implant With an 
antioxidant by dilTusion, thereby forming an antioxidant 
doped cross-linked medical implant; and I) annealing the 
antioxidant-doped cross-linked medical implant in liquid or 
gaseous environment and under various temperature and 
pressure conditions, for example, in boiling Water under 
atmospheric pressure. Medical implants obtainable by these 
methods also are provided. 

[0013] In another aspect, the invention provides methods 
of making a medical implant comprising: a) providing a 
consolidated polymeric material; b) irradiating the consoli 
dated polymeric material With ioniZing radiation, thereby 
forming a consolidated and cross-linked polymeric material; 
c) machining the consolidated and cross-linked polymeric 
material, thereby forming a medical implant; d) doping the 
medical implant With an antioxidant by diffusion, thereby 
forming an antioxidant-doped cross-linked medical implant; 
and e) annealing the antioxidant-doped cross-linked medical 
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implant in liquid or gaseous environment and under various 
temperature and pressure conditions, for example, in boiling 
Water under atmospheric pressure. Medical implants obtain 
able by these methods also are provided. 

[0014] In another aspect, the invention provides methods 
of making a medical implant containing antioxidant-doped 
cross-linked polymeric material comprising: a) irradiating a 
consolidated polymeric material With ioniZing radiation, 
thereby forming a cross-linked polymeric material; b) 
machining the consolidated and cross-linked polymeric 
material, thereby forming a medical implant; c) doping the 
medical implant With an antioxidant by dilTusion; and d) 
annealing the antioxidant-doped cross-linked medical 
implant in liquid or gaseous environment and under various 
temperature and pressure conditions, for example, in boiling 
Water under atmospheric pressure. Medical implants obtain 
able by these methods also are provided. 

[0015] In another aspect, the invention provides methods 
of making a medical implant containing antioxidant-doped 
cross-linked polymeric material comprising: a) machining a 
consolidated polymeric material, thereby forming a medical 
implant; b) doping the medical implant With an antioxidant 
by diffusion; c) annealing the antioxidant-doped medical 
implant in liquid or gaseous environment and under various 
temperature and pressure conditions, for example, in boiling 
Water under atmospheric pressure; and d) irradiating the 
medical implant, thereby forming a medical implant con 
taining cross-linked polymeric material. Medical implants 
obtainable by these methods also are provided. 

[0016] In another aspect, the invention provides methods 
of making a medical implant containing polymeric material 
comprising: a) irradiating the polymeric material With ion 
iZing radiation, thereby forming a cross-linked polymeric 
material; b) doping the cross-linked polymeric material With 
an antioxidant by diffusion, Wherein the cross-linked poly 
meric material is annealed at a temperature beloW the melt 
or above the melt of the consolidated and cross-linked 
polymeric material; and c) annealing the antioxidant-doped 
cross-linked polymeric material in liquid or gaseous envi 
ronment and under various temperature and pressure con 
ditions, for example, in boiling Water under atmospheric 
pressure. Medical implants obtainable by these methods also 
are provided. 

[0017] In another aspect, the invention provides methods 
of making a medical implant containing cross-linked poly 
meric material comprising: a) compression molding of poly 
meric material to another piece, thereby forming an interface 
and an interlocked hybrid material; b) irradiating the inter 
locked hybrid material by ioniZing radiation, thereby form 
ing a cross-linked and interlocked hybrid material; c) doping 
the cross-linked and interlocked hybrid material With an 
antioxidant by diffusion; and d) annealing the antioxidant 
doped cross-linked interlocked hybrid in liquid or gaseous 
environment and under various temperature and pressure 
conditions, for example, in boiling Water under atmospheric 
pressure. Medical implants containing cross-linked poly 
meric materials that are obtainable by these methods also are 
provided. 

[0018] In another aspect, the invention provides methods 
of making a medical implant containing cross-linked poly 
meric material comprising: a) compression molding of poly 
meric material to another piece, thereby forming an interface 
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and an interlocked hybrid material; b) doping the interlocked 
hybrid material With an antioxidant by diffusion; c) anneal 
ing the antioxidant-doped interlocked hybrid in liquid or 
gaseous environment and under various temperature and 
pressure conditions, for example, in boiling Water under 
atmospheric pressure; and d) irradiating the interlocked 
hybrid material by ionizing radiation, thereby forming a 
cross-linked and interlocked hybrid material. Medical 
implants containing cross-linked polymeric materials that 
are obtainable by these methods also are provided. 

[0019] In another aspect, the invention provides methods 
of making a sterile medical implant containing cross-linked 
polymeric material comprising: a) direct compression mold 
ing a polymeric material, thereby forming a medical 
implant; b) irradiating the medical implant to crosslink the 
polymeric material; c) doping the irradiated medical implant 
With an antioxidant by diffusion; d) annealing the antioxi 
dant-doped cross-linked medical implant in liquid or gas 
eous environment and under various temperature and pres 
sure conditions, for example, in boiling Water under 
atmospheric pressure; e) packaging the irradiated and anti 
oxidant-doped medical implant; and f) sterilizing the pack 
aged irradiated and antioxidant-doped medical implant by 
ionizing radiation or gas sterilization, thereby forming a 
cross-linked and sterile medical implant. Medical implants 
containing cross-linked polymeric materials that are obtain 
able by these methods also are provided. 

[0020] In another aspect, the invention provides methods 
of making a sterile medical implant containing antioxidant 
doped cross-linked polymeric material comprising: a) 
machining a consolidated polymeric material, thereby form 
ing a medical implant; b) irradiating the medical implant, 
thereby forming a medical implant containing cross-linked 
polymeric material; c) doping the medical implant With an 
antioxidant by diffusion; d) annealing the antioxidant-doped 
cross-linked medical implant in liquid or gaseous environ 
ment and under various temperature and pressure condi 
tions, for example, in boiling Water under atmospheric 
pressure; e) packaging the irradiated and antioxidant-doped 
medical implant; and f) sterilizing the packaged medical 
implant by ionizing radiation or gas sterilization, thereby 
forming a cross-linked and sterile medical implant. Medical 
implants obtainable by these methods also are provided. 

[0021] In another aspect, the invention provides methods 
of making a medical implant containing cross-linked poly 
meric material comprising: a) doping a polymeric material 
With an antioxidant by diffusion; b) annealing the antioxi 
dant-doped polymeric material in liquid or gaseous envi 
ronment and under various temperature and pressure con 
ditions, for example, in boiling Water under atmospheric 
pressure; c) compression molding of the polymeric material 
to another piece, thereby forming an interface and an inter 
locked hybrid material; and d) irradiating the interlocked 
hybrid material by ionizing radiation, thereby forming a 
cross-linked and interlocked hybrid material. Medical 
implants containing cross-linked polymeric materials that 
are obtainable by these methods also are provided. 

[0022] In another aspect, the invention provides methods 
of making a medical implant containing cross-linked poly 
meric material comprising: a) direct compression molding of 
the polymeric material, thereby forming a medical implant; 
b) irradiating the medical implant by ionizing radiation, 

Apr. 17, 2008 

thereby forming a consolidated and cross-linked medical 
implant; c) doping the consolidated and cross-linked medi 
cal implant With an antioxidant by diffusion; and d) anneal 
ing the antioxidant-doped cross-linked medical implant in 
liquid or gaseous environment and under various tempera 
ture and pressure conditions, for example, in boiling Water 
under atmospheric pressure. Medical implants containing 
cross-linked polymeric materials that are obtainable by these 
methods also are provided. 

[0023] In another aspect, the invention provides methods 
of making a medical implant containing antioxidant-doped 
cross-linked polymeric material comprising: a) machining a 
consolidated polymeric material, thereby forming a medical 
implant; b) irradiating the medical implant, thereby forming 
a medical implant containing cross-linked polymeric mate 
rial; c) doping the medical implant With an antioxidant by 
diffusion; and d) annealing the antioxidant-doped cross 
linked medical implant in liquid or gaseous environment and 
under various temperature and pressure conditions, for 
example, in boiling Water under atmospheric pressure. 
Medical implants containing antioxidant-doped cross-linked 
polymeric materials that are obtainable by these methods 
also are provided. 

[0024] In another aspect, the invention provides methods 
of making a medical implant containing cross-linked poly 
meric material comprising: a) direct compression molding 
polymeric material, thereby forming a medical implant; b) 
doping the medical implant With an antioxidant by diffusion; 
c) annealing the antioxidant-doped medical implant in liquid 
or gaseous environment and under various temperature and 
pressure conditions, for example, in boiling Water under 
atmospheric pressure; d) packaging the medical implant; and 
e) irradiating the packaged medical implant by ionizing 
radiation, thereby forming a consolidated and cross-linked 
and sterile medical implant. Medical implants containing 
cross-linked polymeric materials that are obtainable by these 
methods also are provided. 

[0025] In another aspect, the invention provides methods 
of making a medical implant containing cross-linked poly 
meric material comprising: a) machining a consolidated 
polymeric material, thereby forming a medical implant; b) 
doping the medical implant With an antioxidant by diffusion; 
c) annealing the antioxidant-doped medical implant in liquid 
or gaseous environment and under various temperature and 
pressure conditions, for example, in boiling Water under 
atmospheric pressure; d) packaging the medical implant; and 
e) irradiating the packaged medical implant by ionizing 
radiation, thereby forming a consolidated and cross-linked 
and sterile medical implant. Medical implants containing 
cross-linked polymeric materials that are obtainable by these 
methods also are provided. 

[0026] In another aspect, the invention provides methods 
of making cross-linked polymeric material comprising the 
steps of: a) placing a consolidated and cross-linked poly 
meric material in a pressure chamber; b) ?lling the chamber 
With an antioxidant; c) pressurizing the chamber to enhance 
diffusion of the antioxidant into the consolidated and cross 
linked polymeric material; and d) annealing the antioxidant 
doped cross-linked polymeric material in liquid or gaseous 
environment and under various temperature and pressure 
conditions, for example, in boiling Water under atmospheric 
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pressure. Medical implants containing antioxidant-doped 
cross-linked polymeric materials that are obtainable by these 
methods also are provided. 

[0027] In another aspect, the invention provides methods 
of making medical devices containing cross-linked poly 
meric material comprising: a) irradiating a manufactured 
medical device consisting of consolidated polymeric mate 
rial With ionizing radiation, thereby forming a consolidated 
and cross-linked polymeric material; b) doping the consoli 
dated and cross-linked polymeric material With an antioxi 
dant by diffusion, thereby forming an antioxidant-doped 
consolidated and cross-linked polymeric material; and c) 
annealing the antioxidant-doped cross-linked polymeric 
material in liquid or gaseous environment and under various 
temperature and pressure conditions, for example, in boiling 
Water under atmospheric pressure. Medical devices contain 
ing cross-linked polymeric materials that are obtainable by 
these methods also are provided. 

[0028] In another aspect, the invention provides methods 
of making a packaging for medical devices that is resistant 
to oxidation, When subjected to either sterilization or 
crosslinking doses of ionizing radiation, comprising: a) 
doping the packaging material With an antioxidant by dif 
fusion; b) annealing the antioxidant-doped packaging mate 
rial in liquid or gaseous environment and under various 
temperature and pressure conditions, for example, in boiling 
Water under atmospheric pressure; c) inserting a medical 
device in the packaging material; d) sealing the packaging 
material containing the medical device, thereby forming a 
packaged medical device; and d) irradiating the packaged 
medical device With ionizing radiation or gas sterilization. 
Medical devices obtainable by these methods also are pro 
vided. 

[0029] In another aspect, the invention provides methods 
of making a packaging for pharmaceutical compounds that 
is resistant to oxidation, When subjected to either steriliza 
tion or crosslinking doses of ionizing radiation, comprising: 
a) doping the packaging material With an antioxidant by 
diffusion; b) annealing the antioxidant-doped packaging 
material in liquid or gaseous environment and under various 
temperature and pressure conditions, for example, in boiling 
Water under atmospheric pressure; c) inserting a pharma 
ceutical compound in the packaging material; d) sealing the 
packaging material containing the pharmaceutical com 
pound, thereby forming a packaged pharmaceutical com 
pound; and e) irradiating the packaged pharmaceutical com 
pound With ionizing radiation or gas sterilization. Packaging 
materials obtainable by these methods also are provided. 

[0030] Yet in another aspect, the invention provides meth 
ods of making a medical implant containing cross-linked 
polymeric material, Wherein the implant comprises medical 
devices, including acetabular liner, shoulder glenoid, patel 
lar component, ?nger joint component, ankle joint compo 
nent, elboW joint component, Wrist joint component, toe 
joint component, bipolar hip replacements, tibial knee insert, 
tibial knee inserts With reinforcing metallic and polyethylene 
posts, interver‘tebral discs, heart valves, tendons, stents, and 
vascular grafts, Wherein the polymeric material is polymeric 
resin poWder, polymeric ?akes, polymeric particles, or the 
like, or a mixture thereof. Medical implants containing 
cross-linked polymeric materials that are obtainable by these 
methods also are provided. 
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[0031] Yet in another aspect, the invention provides meth 
ods of making medical implants, including non-permanent 
implants, containing cross-linked polymeric material, 
Wherein the implant comprises medical device, including 
balloon catheters, sutures, tubing, and intravenous tubing, 
Wherein the polymeric material is polymeric resin poWder, 
polymeric ?akes, polymeric particles, or the like, or a 
mixture thereof. As described herein, the polymeric bal 
loons, for example, polyether-block co-polyamide polymer 
(PeBAX®), Nylon, and polyethylene terephthalate (PET) 
balloons are doped With vitamin E and irradiated before, 
during, or after doping. Medical implants obtainable by 
these methods also are provided. 

[0032] Yet in another aspect, the invention provides meth 
ods of making a packaging for a medical device, Wherein the 
packaging is resistant to oxidation When subjected to ster 
ilization With ionizing radiation or gas sterilization. The 
packaging include barrier materials, for example, bloW 
molded blister packs, heat-shrinkable packaging, thermally 
sealed packaging, or the like or a mixture thereof. Packaging 
materials for a medical devices obtainable by these methods 
also are provided. 

[0033] In another aspect, the invention provides methods 
of making a medical implant containing cross-linked poly 
meric material comprising: a) doping the consolidated poly 
meric material With an antioxidant by diffusion; b) annealing 
the antioxidant-doped polymeric material in liquid or gas 
eous environment and under various temperature and pres 
sure conditions, for example, in boiling Water under atmo 
spheric pressure; and c) irradiating the polymeric material 
With ionizing radiation, thereby forming a consolidated and 
cross-linked polymeric material. Medical implants contain 
ing cross-linked polymeric materials obtainable by these 
methods also are provided. 

[0034] In one aspect, antioxidant-doped medical implants 
are packaged and sterilized by ionizing radiation or gas 
sterilization to obtain sterile and cross-linked medical 
implants. 
[0035] In another aspect, the polymeric material of the 
instant invention is a polymeric resin poWder, polymeric 
?akes, polymeric particles, or the like, or a mixture thereof, 
Wherein the irradiation can be carried out in an atmosphere 
containing betWeen about 1% and about 22% oxygen, 
Wherein the radiation dose is betWeen about 25 kGy and 
about 1000 kGy. 

[0036] In another aspect, the polymeric material of the 
instant invention is polymeric resin poWder, polymeric 
?akes, polymeric particles, or the like, or a mixture thereof, 
Wherein the polymeric material is irradiated after consoli 
dation in an inert atmosphere containing a gas, for example, 
nitrogen, argon, helium, neon, or the like, or a combination 
thereof, Wherein the radiation dose is betWeen about 25 kGy 
and about 1000 kGy. 

[0037] In another aspect, the polymeric material of the 
instant invention is consolidated polymeric material, Where 
the consolidation can be carried out by compression molding 
to form a slab from Which a medical device is machined. 

[0038] In another aspect, the polymeric material of the 
instant invention is consolidated polymeric material, Where 
the consolidation can be carried out by direct compression 
molding to form a ?nished medical device. 
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[0039] Yet in another aspect, the polymeric material of the 
instant invention is consolidated polymeric material, Where 
the consolidation can be carried out by compression molding 
to another piece to form an interface and an interlocked 
hybrid material. 

[0040] Still in another aspect, the invention provides 
methods of making a medical implant containing cross 
linked polymeric material comprising: a) compression 
molding of polymeric material to another piece, thereby 
forming an interface and an interlocked hybrid material; b) 
irradiating the interlocked hybrid material by ionizing radia 
tion, thereby forming a cross-linked and interlocked hybrid 
material; c) doping the cross-linked and interlocked hybrid 
material With an antioxidant by diffusion; and d) annealing 
the antioxidant-doped cross-linked and interlocked hybrid 
material in liquid or gaseous environment and under various 
temperature and pressure conditions, for example, in boiling 
Water under atmospheric pressure. Medical implants con 
taining cross-linked polymeric materials that are obtainable 
by these methods also are provided. 

[0041] According to one aspect, the invention provides 
methods of making a medical implant containing cross 
linked polymeric material comprising compression molding 
of polymeric material to another piece, such as a metallic or 
a non metallic piece, for example, a metal, a ceramic, or a 
polymer, thereby forming an interface and an interlocked 
hybrid material, Wherein the interface is a metal-polymer or 
a metal-ceramic interface. 

[0042] Yet according to another aspect, the invention 
provides methods of making a medical implant containing 
cross-linked polymeric material comprising: a) compression 
molding of polymeric material to another piece, thereby 
forming an interface and an interlocked hybrid material; b) 
annealing the antioxidant-doped interlocked hybrid material 
in liquid or gaseous environment and under various tem 
perature and pressure conditions, for example, in boiling 
Water under atmospheric pressure; c) doping the interlocked 
hybrid material With an antioxidant, for example, an ot-to 
copherol, such as vitamin E, by diffusion; and d) irradiating 
the interlocked hybrid material by ionizing radiation, 
thereby forming a cross-linked and interlocked hybrid mate 
rial. Medical implants containing cross-linked polymeric 
materials that are obtainable by these methods also are 
provided. 

[0043] Another aspect of the invention provides methods 
of making a medical implant containing cross-linked poly 
meric material comprising: a) compression molding a poly 
meric material, thereby forming a medical implant; b) irra 
diating the medical implant to crosslink the polymeric 
material; c) annealing the antioxidant-doped cross-linked 
medical implant in liquid or gaseous environment and under 
various temperature and pressure conditions, for example, in 
boiling Water under atmospheric pressure; d) doping the 
irradiated medical implant With an antioxidant by diffusion; 
e) packaging the irradiated and antioxidant-doped medical 
implant; and f) sterilizing the packaged irradiated and anti 
oxidant-doped medical implant by ionizing radiation or gas 
sterilization, thereby forming a cross-linked and sterile 
medical implant. Medical implants obtainable by these 
methods also are provided. 

[0044] Yet in another aspect, the invention provides meth 
ods of making a medical implant containing cross-linked 
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polymeric material comprising: a) machining a consolidated 
polymeric material, thereby forming a medical implant; b) 
irradiating the medical implant to crosslink the polymeric 
material; c) doping the irradiated medical implant With an 
antioxidant by diffusion; d) annealing the antioxidant-doped 
cross-linked medical implant in liquid or gaseous environ 
ment and under various temperature and pressure condi 
tions, for example, in boiling Water under atmospheric 
pressure; e) packaging the irradiated and antioxidant-doped 
medical implant; and f) sterilizing the packaged irradiated 
and antioxidant-doped medical implant by ionizing radiation 
or gas sterilization, thereby forming a cross-linked and 
sterile medical implant. Medical implants obtainable by 
these methods also are provided. 

[0045] According to another aspect, the invention pro 
vides methods of making a medical implant containing 
cross-linked polymeric material comprising: a) compression 
molding of polymeric material to another piece, thereby 
forming an interface and an interlocked hybrid material; b) 
doping the interlocked hybrid material With an antioxidant 
by diffusion; c) annealing the antioxidant-doped interlocked 
hybrid material in liquid or gaseous environment and under 
various temperature and pressure conditions, for example, in 
boiling Water under atmospheric pressure; and d) irradiating 
the interlocked hybrid material by ionizing radiation, 
thereby forming a cross-linked and interlocked hybrid mate 
rial. Medical implants containing cross-linked polymeric 
material obtainable by these methods also are provided. 

[0046] In another aspect, the invention provides methods 
of making a medical implant containing cross-linked poly 
meric material comprising: a) direct compression molding of 
the polymeric material, thereby forming a medical implant; 
b) irradiating the medical implant by ionizing radiation, 
thereby forming a consolidated and cross-linked medical 
implant; c) doping the consolidated and cross-linked medi 
cal implant With an antioxidant by diffusion; and d) anneal 
ing the antioxidant-doped cross-linked medical implant in 
liquid or gaseous environment and under various tempera 
ture and pressure conditions, for example, in boiling Water 
under atmospheric pressure. Medical implants containing 
cross-linked polymeric materials obtainable by these meth 
ods also are provided. 

[0047] Yet in another aspect, the invention provides meth 
ods of making a medical implant containing cross-linked 
polymeric material comprising: a) machining a consolidated 
polymeric material, thereby forming a medical implant; b) 
irradiating the medical implant by ionizing radiation, 
thereby forming a consolidated and cross-linked medical 
implant; c) doping the consolidated and cross-linked medi 
cal implant an antioxidant by diffusion; and d) annealing the 
antioxidant-doped cross-linked medical implant in liquid or 
gaseous environment and under various temperature and 
pressure conditions, for example, in boiling Water under 
atmospheric pressure. Medical implants obtainable by these 
methods also are provided. 

[0048] In another aspect, the invention provides methods 
of making a medical implant comprising: a) providing a 
polymeric material; b) consolidating the polymeric material; 
c) doping the consolidated polymeric material With an 
antioxidant by diffusion; d) annealing the antioxidant-doped 
polymeric material in liquid or gaseous environment and 
under various temperature and pressure conditions, for 
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example, in boiling Water under atmospheric pressure; e) 
irradiating the antioxidant doped polymeric material by 
ionizing radiation, thereby forming an antioxidant doped 
cross-linked polymeric material; and f) machining the cross 
linked polymeric material, thereby forming an antioxidant 
doped cross-linked medical implant. Medical implants 
obtainable by these methods also are provided. 

[0049] In another aspect, the invention provides methods 
of making a medical implant comprising: a) providing a 
consolidated polymeric material; b) doping the consolidated 
polymeric material With an antioxidant by dilTusion; c) 
annealing the antioxidant-doped polymeric material in liq 
uid or gaseous environment and under various temperature 
and pressure conditions, for example, in boiling Water under 
atmospheric pressure; d) irradiating the antioxidant doped 
polymeric material by ionizing radiation, thereby forming an 
antioxidant doped cross-linked polymeric material; and e) 
machining the cross-linked polymeric material, thereby 
forming an antioxidant doped cross-linked medical implant. 
Medical implants obtainable by these methods also are 
provided. 
[0050] In another aspect, the invention provides methods 
of making a medical implant comprising: a) providing a 
polymeric material; b) consolidating the polymeric material; 
c) doping the consolidated polymeric material With an 
antioxidant by dilfusion; d) annealing the antioxidant-doped 
polymeric material in liquid or gaseous environment and 
under various temperature and pressure conditions, for 
example, in boiling Water under atmospheric pressure; e) 
machining the antioxidant doped polymeric material, 
thereby forming an antioxidant doped polymeric material; 
and I) irradiating the antioxidant doped cross-linked poly 
meric material by ionizing radiation, thereby forming an 
antioxidant doped cross-linked medical implant. 

[0051] In another aspect, the invention provides methods 
of making a medical implant comprising: a) providing a 
consolidated polymeric material; b) doping the consolidated 
polymeric material With an antioxidant by dilTusion; c) 
annealing the antioxidant-doped polymeric material in liq 
uid or gaseous environment and under various temperature 
and pressure conditions, for example, in boiling Water under 
atmospheric pressure; d) machining the antioxidant doped 
polymeric material, thereby forming an antioxidant doped 
polymeric material; and e) irradiating the antioxidant doped 
cross-linked polymeric material by ionizing radiation, 
thereby forming an antioxidant doped cross-linked medical 
implant. 

[0052] In another aspect, the invention provides methods 
of making a medical implant containing cross-linked poly 
meric material comprising: a) direct compression molding 
polymeric material, thereby forming a medical implant; b) 
doping the medical implant an antioxidant by diffusion; c) 
packaging the medical implant; d) annealing the antioxidant 
doped medical implant in liquid or gaseous environment and 
under various temperature and pressure conditions, for 
example, in boiling Water under atmospheric pressure; and 
e) irradiating the packaged medical implant by ionizing 
radiation, thereby forming a consolidated and cross-linked 
and sterile medical implant. 

[0053] In another aspect, the invention provides methods 
of making a medical implant comprising: a) providing a 
polymeric material; b) consolidating the polymeric material; 

Apr. 17, 2008 

c) machining the consolidated polymeric material, thereby 
forming a medical implant; d) doping the medical implant 
With an antioxidant by dilTusion, thereby forming an anti 
oxidant-doped medical implant; e) annealing the antioxi 
dant-doped medical implant in liquid or gaseous environ 
ment and under various temperature and pressure 
conditions, for example, in boiling Water under atmospheric 
pressure; I) packaging the medical implant; and g) irradiat 
ing the packaged medical implant by ionizing radiation, 
thereby forming an antioxidant doped cross-linked and 
sterile medical implant. 

[0054] Yet in another aspect, the invention provides meth 
ods of making a medical implant comprising: a) providing a 
consolidated polymeric material; b) machining the consoli 
dated polymeric material, thereby forming a medical 
implant; c) doping the medical implant With an antioxidant 
by dilTusion, thereby forming an antioxidant doped medical 
implant; d) annealing the antioxidant-doped medical implant 
in liquid or gaseous environment and under various tem 
perature and pressure conditions, for example, in boiling 
Water under atmospheric pressure; e) packaging the medical 
implant; and f) irradiating the packaged medical implant by 
ionizing radiation, thereby forming an antioxidant doped 
cross-linked and sterile medical implant. 

[0055] In another aspect, the invention provides methods 
of making a medical implant comprising: a) providing a 
polymeric material; b) consolidating the polymeric material; 
c) doping the consolidated polymeric material With an 
antioxidant by dilTusion, thereby forming an antioxidant 
doped polymeric material; d) annealing the antioxidant 
doped polymeric material in liquid or gaseous environment 
and under various temperature and pressure conditions, for 
example, in boiling Water under atmospheric pressure; e) 
machining the antioxidant-doped polymeric material, 
thereby forming a medical implant; I) packaging the medical 
implant; and g) irradiating the packaged medical implant by 
ionizing radiation, thereby forming an antioxidant doped 
cross-linked and sterile medical implant. 

[0056] Yet in another aspect, the invention provides meth 
ods of making a medical implant comprising: a) providing a 
consolidated polymeric material; b) doping the consolidated 
polymeric material With an antioxidant by diffusion, thereby 
forming an antioxidant-doped polymeric material; c) anneal 
ing the antioxidant-doped polymeric material in liquid or 
gaseous environment and under various temperature and 
pressure conditions, for example, in boiling Water under 
atmospheric pressure; d) machining the antioxidant-doped 
polymeric material, thereby forming a medical implant; e) 
packaging the medical implant; and f) irradiating the pack 
aged medical implant by ionizing radiation, thereby forming 
an antioxidant doped cross-linked and sterile medical 
implant. 

[0057] In another aspect, the invention provides methods 
of making a sterile medical implant containing antioxidant 
doped cross-linked polymeric material comprising: a) irra 
diating a consolidated polymeric material, thereby forming 
a cross-linked polymeric material; b) machining the con 
solidated and cross-linked polymeric material, thereby form 
ing a medical implant; c) doping the medical implant With an 
antioxidant by diffusion; d) annealing the antioxidant-doped 
cross-linked medical implant in liquid or gaseous environ 
ment and under various temperature and pressure condi 
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tions, for example, in boiling Water under atmospheric 
pressure; e) packaging the irradiated and antioxidant-doped 
medical implant; and f) sterilizing the packaged medical 
implant by ionizing radiation or gas sterilization, thereby 
forming a cross-linked and sterile medical implant. 

[0058] In another aspect, the invention provides methods 
of making a sterile medical implant containing antioxidant 
doped cross-linked polymeric material comprising: a) dop 
ing a polymeric material With an antioxidant; b) annealing 
the antioxidant-doped polymeric material in liquid or gas 
eous environment and under various temperature and pres 
sure conditions, for example, in boiling Water under atmo 
spheric pressure; c) consolidating the antioxidant-doped 
polymeric material; d) machining the consolidated antioxi 
dant-doped polymeric material, thereby forming an antioxi 
dant-doped medical implant; e) irradiating the medical 
implant, thereby forming a medical implant containing 
antioxidant-doped cross-linked polymeric material; I) pack 
aging the antioxidant-doped cross-linked medical implant; 
and g) sterilizing the packaged medical implant by ionizing 
radiation or gas sterilization, thereby forming a cross-linked 
and sterile medical implant. 

[0059] In another aspect, the invention provides methods 
of making a sterile medical implant containing antioxidant 
doped cross-linked polymeric material comprising: a) dop 
ing a polymeric material With an antioxidant; b) annealing 
the antioxidant-doped polymeric material in liquid or gas 
eous environment and under various temperature and pres 
sure conditions, for example, in boiling Water under atmo 
spheric pressure; c) consolidating the antioxidant-doped 
polymeric material; d) irradiating the consolidated poly 
meric material, thereby forming an antioxidant-doped cross 
linked polymeric material; e) machining the consolidated 
and cross-linked polymeric material, thereby forming a 
medical implant containing an antioxidant-doped cross 
linked polymeric material; I) packaging the antioxidant 
doped cross-linked medical implant; and g) sterilizing the 
packaged medical implant by ionizing radiation or gas 
sterilization, thereby forming a cross-linked and sterile 
medical implant. 

[0060] In another aspect, the invention provides methods 
of making a medical implant containing cross-linked poly 
meric material comprising: a) doping a polymeric material 
With an antioxidant by diffusion; b) annealing the antioxi 
dant-doped polymeric material in liquid or gaseous envi 
ronment and under various temperature and pressure con 
ditions, for example, in boiling Water under atmospheric 
pressure; c) irradiating the antioxidant-doped polymeric 
material by ionizing radiation, thereby forming a cross 
linked antioxidant-doped polymeric material; and d) com 
pression molding of the cross-linked antioxidant-doped 
polymeric material to another piece, thereby forming a 
cross-linked and interlocked hybrid material. 

[0061] In another aspect, the invention provides methods 
of making a medical implant containing cross-linked poly 
meric material comprising: a) irradiating a consolidated 
polymeric material by ionizing radiation, thereby forming a 
consolidated and cross-linked polymeric material; b) direct 
compression molding of the polymeric material, thereby 
forming a consolidated and cross-linked medical implant; c) 
doping the consolidated and cross-linked medical implant 
With an antioxidant by diffusion; and d) annealing the 
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antioxidant-doped cross-linked medical implant in liquid or 
gaseous environment and under various temperature and 
pressure conditions, for example, in boiling Water under 
atmospheric pressure. 

[0062] In another aspect, the invention provides methods 
of making a medical implant containing antioxidant doped 
cross-linked polymeric material comprising: a) doping a 
polymeric material With an antioxidant; b) annealing the 
antioxidant-doped polymeric material in liquid or gaseous 
environment and under various temperature and pressure 
conditions, for example, in boiling Water under atmospheric 
pressure; c) consolidating the antioxidant-doped polymeric 
material; d) machining the consolidated antioxidant-doped 
polymeric material, thereby forming an antioxidant-doped 
medical implant; and e) irradiating the medical implant, 
thereby forming a medical implant containing antioxidant 
doped cross-linked polymeric material. 

[0063] In another aspect, the invention provides methods 
of making a medical implant containing antioxidant doped 
cross-linked polymeric material comprising: a) doping a 
polymeric material With an antioxidant; b) annealing the 
antioxidant-doped polymeric material in liquid or gaseous 
environment and under various temperature and pressure 
conditions, for example, in boiling Water under atmospheric 
pressure; c) consolidating the antioxidant-doped polymeric 
material; d) irradiating the consolidated polymeric material, 
thereby forming an antioxidant-doped cross-linked poly 
meric material; and e) machining the consolidated and 
cross-linked polymeric material, thereby forming a medical 
implant containing an antioxidant-doped cross-linked poly 
meric material. Medical implants containing cross-linked 
polymeric materials that are obtainable by the above meth 
ods also are provided. 

[0064] Yet in another aspect, the invention provides meth 
ods of making a non-permanent medical device containing 
cross-linked polymeric material comprising: a) doping a 
manufactured medical device containing consolidated poly 
meric material With an antioxidant by dilTusion, thereby 
forming an antioxidant-doped polymeric material; and b) 
annealing the antioxidant-doped polymeric material in liq 
uid or gaseous environment and under various temperature 
and pressure conditions, for example, in boiling Water under 
atmospheric pressure; c) irradiating the medical device With 
ionizing radiation, thereby forming a cross-linked polymeric 
material. 

[0065] In another aspect, the invention provides non 
oxidizing cross-linked polymeric materials With detectable 
residual free radicals. 

[0066] In another aspect, the invention provides non 
oxidizing cross-linked medical implants, including perma 
nent and non-permanent medical devices, With detectable 
residual free radicals. 

[0067] In another aspect, the invention provides non 
oxidizing cross-linked medical implants, including perma 
nent and non-permanent medical devices, With detectable 
residual free radicals and With a gradient of antioxidant. 

[0068] In another aspect, the invention provides methods 
of making a medical implant comprising: a) providing a 
polymeric material; b) consolidating the polymeric material; 
c) machining the consolidated polymeric material, thereby 
forming a medical implant; d) irradiating the medical 



US 2008/0090934 A1 

implant With ionizing radiation, thereby forming a cross 
linked medical implant; e) doping the medical implant With 
an antioxidant by diffusion, thereby forming an antioxidant 
doped cross-linked medical implant; and f) annealing the 
antioxidant-doped cross-linked medical implant in liquid or 
gaseous environment and under various temperature and 
pressure conditions, for example, in boiling Water under 
atmospheric pressure. 

[0069] Yet in another aspect, the invention provides meth 
ods of making a medical implant comprising: a) providing a 
consolidated polymeric material; b) machining the consoli 
dated polymeric material, thereby forrning a medical 
implant; c) irradiating the medical implant With ioniZing 
radiation, thereby forming an antioxidant-doped cross 
linked medical implant; d) doping the medical implant With 
an antioxidant by diffusion, thereby forming an antioxidant 
doped cross-linked medical implant; and e) annealing the 
antioxidant-doped cross-linked medical implant in liquid or 
gaseous environment and under various temperature and 
pressure conditions, for example, in boiling Water under 
atmospheric pressure. 

[0070] In another aspect, the invention provides methods 
of making a medical implant comprising: a) providing a 
polymeric material; b) consolidating the polymeric material; 
c) machining the consolidated polymeric material, thereby 
forming a medical implant; d) doping the medical implant 
With an antioxidant by diffusion, thereby forming an anti 
oxidant-doped medical implant; e) annealing the antioxi 
dant-doped medical implant in liquid or gaseous environ 
ment and under various temperature and pressure 
conditions, for example, in boiling Water under atmospheric 
pressure; and f) irradiating the medical implant With ioniZing 
radiation, thereby forming an antioxidant-doped cross 
linked medical implant. 

[0071] Yet in another aspect, the invention provides meth 
ods of making a medical implant comprising: a) providing a 
consolidated polymeric material; b) machining the consoli 
dated polymeric material, thereby forrning a medical 
implant; c) doping the medical implant With an antioxidant 
by diffusion, thereby forming an antioxidant-doped medical 
implant; d) annealing the antioxidant-doped medical implant 
in liquid or gaseous environment and under various tem 
perature and pressure conditions, for example, in boiling 
Water under atmospheric pressure; and e) irradiating the 
medical implant With ioniZing radiation, thereby forming an 
antioxidant-doped cross-linked medical implant. 

[0072] In another aspect, the invention provides methods 
of making a medical implant comprising: a) providing a 
polymeric material; b) consolidating the polymeric material; 
c) irradiating the polymeric material With ioniZing radiation, 
thereby forming a cross-linked polymeric material; d) dop 
ing the polymeric material With an antioxidant by diffusion, 
thereby forming an antioxidant-doped cross-linked poly 
meric material; e) annealing the antioxidant-doped cross 
linked polymeric material in liquid or gaseous environment 
and under various temperature and pressure conditions, for 
example, in boiling Water under atmospheric pressure; and 
f) machining the polymeric material, thereby forming an 
antioxidant-doped cross-linked medical implant. 

[0073] Yet in another aspect, the invention provides meth 
ods of making a medical implant comprising: a) providing a 
consolidated polymeric material; b) irradiating the poly 
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meric material With ioniZing radiation, thereby forming a 
cross-linked polymeric material; c) doping the polymeric 
material With an antioxidant by diffusion, thereby forming 
an antioxidant-doped cross-linked polymeric material; d) 
annealing the antioxidant-doped cross-linked polymeric 
material in liquid or gaseous environment and under various 
temperature and pressure conditions, for example, in boiling 
Water under atmospheric pressure; and e) machining the 
polymeric material, thereby forming an antioxidant-doped 
cross-linked medical implant. 

[0074] Another aspect of the invention provides methods 
of making a medical implant comprising: a) providing a 
polymeric material; b) compression molding the polymeric 
material, thereby forming a medical implant; c) doping the 
medical implant containing an interface or an interlocked 
hybrid material With an antioxidant by diffusion, thereby 
forming an antioxidant-doped medical implant; d) annealing 
the antioxidant-doped medical implant in liquid or gaseous 
environment and under various temperature and pressure 
conditions, for example, in boiling Water under atmospheric 
pressure; e) packaging the medical implant; and f) irradiat 
ing the packaged medical implant by ioniZing radiation, 
thereby forming an antioxidant-doped cross-linked and ster 
ile medical implant. In another aspect, the polymeric mate 
rial is compression molded to another piece or a medical 
implant, thereby form an interface or an interlocked hybrid 
material. 

[0075] Another aspect of the invention provides methods 
of making a medical implant comprising: a) providing a 
compression molded polymeric material forming a medical 
implant; b) doping the medical implant containing an inter 
face or an interlocked hybrid material With an antioxidant by 
diffusion, thereby forming an antioxidant-doped medical 
implant; c) annealing the antioxidant-doped medical implant 
in liquid or gaseous environment and under various tem 
perature and pressure conditions, for example, in boiling 
Water under atmospheric pressure; d) packaging the medical 
implant; and e) irradiating the packaged medical implant by 
ioniZing radiation, thereby forming an antioxidant-doped 
cross-linked and sterile medical implant. In another aspect, 
the polymeric material is compression molded to another 
piece or a medical implant, thereby form an interface or an 
interlocked hybrid material. 

[0076] Medical implants containing cross-linked poly 
meric materials that are obtainable by the all of the above 
methods also are provided. 

[0077] Another aspect of the invention provides methods 
to increase the uniformity of an antioxidant in a doped 
polymeric material by annealing the doped polymeric mate 
rial beloW the melting point of the doped polymeric material, 
for example, annealing in a liquid or a gaseous environment 
and under various temperature and pressure conditions, for 
example, in boiling Water under atmospheric pressure or 
under pressure in order to anneal at a temperature above 
100° C. and beloW the melting point of the polymeric 
material. In another aspect, doping or annealing of poly 
meric materials prior to machining can be carried out at a 
temperature above the melting point of the polymeric mate 
rial, for example, at 150° C., 160° C., 170° C., 180° C., or 
higher. 

[0078] Another aspect of the invention provides methods 
to increase the uniformity of an antioxidant in a doped 
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polymeric material by annealing the doped polymeric mate 
rial above the melting point of the doped polymeric material. 

[0079] According to another aspect of the invention, the 
annealing of antioxidant-doped-polymeric material, -cross 
linked polymeric material, or -medical implants, as 
described above, also can be carried out in a ?uid, for 
example, Water or mineral oil, under pressure at a tempera 
ture beloW or above 100° C. and beloW the melting point of 
the polymeric material. 

[0080] According to another aspect of the invention, the 
doping of medical implant or polymeric material or cross 
linked polymeric material With an antioxidant, as described 
herein, can be carried out in an antioxidant-emulsion, anti 
oxidant-solution such as antioxidant-NaCl solution, or -mix 
ture. 

[0081] According to another aspect of the invention, the 
annealing of antioxidant-doped-polymeric material, -cross 
linked polymeric material, or -medical implants, as 
described above, also can be carried out in antioxidant 
emulsion, antioxidant-solution such as antioxidant-NaCl 
solution, or -mixture, under atmospheric pressure or under 
pressure at a temperature beloW or above 100° C. and beloW 
the melting point of the polymeric material and for a time 
period betWeen about 1 minute and about 30 days. In another 
aspect, annealing of antioxidant-doped-polymeric materials 
or antioxidant-doped-cross-linked polymeric materials prior 
to machining can be carried out at a temperature above the 
melting point of the polymeric material, for example, at 150° 
C., 160° C., 170° C., 180° C., or higher. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0082] FIG. 1 shoWs penetration depth of vitamin E dif 
fusion into UHMWPE at room temperature, 100° C., 120° 
C. and 130° C. 

[0083] FIG. 2 shoWs the oxidation index pro?le as a 
function of depth into one of the representative aged cubes 
of seven groups studied (Group TCRT, Group RT1, Group 
RT16, Group TC100C16, Group 100C1, Group TC100C1, 
and Group 100C16). All cubes Were fabricated from an 
irradiated polyethylene and four of Which Were doped With 
vitamin E under various conditions. Thermal control cubes 
Were not treated With vitamin E. Vitamin E doped cubes 
shoW less oxidation at the surface and in the bulk of the 
samples than their corresponding thermal controls. 

[0084] FIG. 3 shoWs the diffusion pro?les for vitamin E 
through unirradiated UHMWPE doped at 130° C. for 96 
hours as a function of subsequent annealing time at 130° C. 

[0085] FIG. 4 schematically shoWs examples of sequences 
of processing UHMWPE and doping at various steps. 

[0086] FIG. 5 schematically shoWs examples of sequences 
of processing UHMWPE and doping at various steps. 

[0087] FIGS. 6A and B shoW depth-pro?les of sensitive 
vitamin E index (sensVitE) for vitamin E doped UHMWPE 
cubes. FIG. 6A shoWs vitamin E pro?les obtained in vitamin 
E doped cubes that Were machined from a 100 kGy irradi 
ated UHMWPE (solid marks) and the vitamin E pro?les of 
the doped cubes after annealing in boiling Water (holloW 
marks). FIG. 6B shoWs the vitamin E penetration pro?les at 
a higher resolution. 
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[0088] FIGS. 7A and B shoW depth-pro?les of sensitive 
vitamin E index (sensVitE) for vitamin E doped and vitamin 
E-Water mixture doped UHMWPE cubes. FIG. 7A depicts 
vitamin E pro?les obtained from the 24 hour doped cubes. 
FIG. 7B shoWs the sensVitE pro?les of cubes doped for 
various time period at 100° C. 

[0089] FIG. 8 shoWs depth-pro?les of sensitive vitamin E 
index (sensVitE) for vitamin E doped UHMWPE cubes and 
the sensVitE of UHMWPE cubes that Were subjected to 
post-doping-annealing in boiling Water and boiling NaCl 
solution for 24 hours. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0090] The present invention provides methods of making 
oxidation resistant medical implants that comprise medical 
devices, including permanent and non-permanent devices, 
and packaging that comprises polymeric material, such as 
polyethylene. The invention pertains to methods of doping 
consolidated polyethylene, such as UHMWPE, With anti 
oxidants, before, during, or after crosslinking the consoli 
dated polyethylene, and subsequent annealing in a liquid or 
a gaseous environment under various temperature and pres 
sure conditions. 

[0091] In one aspect of the invention, the doping of 
consolidated polyethylene can be carried out by diffusion of 
an antioxidant, for example, ot-tocopherol, such as vitamin 
E. According to one aspect of the invention, the diffusion of 
the antioxidant is accelerated by increasing the temperature 
and/or pressure. 

[0092] In another aspect, antioxidant doped consolidated 
polyethylene is subsequently annealed in a liquid or a 
gaseous environment and under various temperature and 
pressure conditions. 

[0093] According to another aspect of the invention, an 
antioxidant is delivered in various forms, including in a pure 
form, for example, as pure vitamin E, or dissolved in a 
solvent. 

[0094] According to another aspect of the invention, dif 
fusion rate of an antioxidant into the polyethylene is 
increased by increasing the concentration of the antioxidant 
solution, for example, a vitamin E solution. 

[0095] In accordance With another aspect of the invention, 
diffusion rate of an antioxidant into the polyethylene is 
increased by sWelling the consolidated polyethylene in a 
supercritical ?uid, for example, in a supercritical CO2, i.e., 
the temperature being above the supercritical temperature, 
Which is 313° C., and the pressure being above the super 
critical pressure, Which is 73.8 bar. 

[0096] In general, for example, in case of vitamin E, as the 
antioxidant, mixing the resin poWder, ?akes, particles, or a 
mixture thereof, With vitamin E and consolidation thereafter 
result in changes in color of polymeric material to yelloW. 
According to the instant invention, doping subsequent to 
consolidation avoids the exposure of vitamin E to high 
temperatures and pressures of consolidation and prevents the 
discoloration of the polymeric material. The invention also 
decreases the thermal effects on the antioxidant. The thermal 
effects can reduce the effectiveness of the antioxidant in 
protecting the polymeric material against oxidation. 
































