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MODIFICATION OF POLYMERS IN JOINT ARTHROPLASTY

Abstract: The review describes the known and most common modifications to various
polymers in surgical applications. A short history of the plastics used as sliding materials in
endoprostheses is presented. The unsuccessful attempts of using materials in joint alloplastic, such
as PMMA, POM, PTFE and PEEK, as well as their modifications, were analyzed. Many polymers
with excellent sliding properties cannot be used in joint arthroplasty due to allergic, toxicological
reactions or technological problems. Attention was focused on PE-UHMW polyethylene, and also its
modifications that increase its wear resistance and mechanical strength. The paper summarizes the
wear rates of polyethylene subjected to various types of modification, such as plastic working,
crosslinking, or carbon fiber reinforcement. The latest trends for improving polyethylene are also
described. Modification of polymers in joint arthroplasty. A significant advance would be to obtain
PEEK that is suitable for use in arthroplasty without negative consequences. An important direction
of development in the area of sliding biomaterials may also concern materials obtained by
incremental methods (3D printing).
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Introduction

In modern medicine, endoprosthetic surgery is the only and best way to restore the lost motor
function of the hip joint. It allows you to forget about pain and return to normal daily life. The vector
of modern scientific research in the field of treatment of severe arthrosis of the hip joints is directed
towards the improvement of technologies and materials for endoprosthetics. Today, this is the most
progressive and fastest growing field of orthopedics. In order to increase the service life of
endoprostheses, the latest innovative materials and technologies are used: titanium (as the main
component metal), metal-ceramics, hydroxyapatite sputtering, porous metals and high-solid
polymers.

The history of the development of sliding biomaterials has a rather specific course.
Polyethylene (PE-UHMW) was first used in the 50s of the previous century, and despite the search
for other polymers it is still a leading and irreplaceable material in endoprostheses. New trends
related to the working of plastic and selective crosslinking indicate the possibility of obtaining very
good mechanical and tribological properties. However, despite the fact that it is not free from
imperfections, there is still no alternative to this material.

Directions of application and conditions of functioning of implants and endoprostheses, which
are in contact with living tissues, determine the requirements to the nature and quality of materials
intended for implant manufacturing, as well as to the technologies of their manufacturing. The
general requirement related to the properties of materials for implants is the presence of osteoplastic,
osteoconductive properties — the ability to act as conductors for blood vessels sprouting with the
subsequent resorption and replacement by bone tissue. Osteoconductive materials serve as a matrix
for the formation of new bone during reparative osteogenesis and have the ability to guide the growth
of bone tissue. Hydrophilic properties are required for implants. Surgical interventions in bone
surgery are often associated with pre-infected pathologic foci, and surgical treatment is often
performed due to the development of inflammatory complications. An important problem is the choice
of resistant (resistant to infection) materials, as well as materials that do not cause thrombosis.

Scientists are searching for materials and compositions that would have an osteoplastic effect
and at the same time be resistant to bacterial influences. Recently, the range of materials with the
above properties has been greatly expanded by the use of synthetic materials, including biopolymers
and biodegradable compositions. Biopolymeric materials are most often completely non-
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immunogenic, can be sterilized by modern medical methods, are relatively inexpensive to produce
with few exceptions and, their most valuable advantage, can have a wide range of physical,
mechanical and biochemical properties due to the regulation of the supramolecular and molecular
structure of the polymers.

The successful clinical efficacy of total joint endoprosthetics can be determined by many
factors, including biomedical, biomechanical, and tribological considerations. Wear and biological
response to wear have been found to play an important role in implant longevity. The choice of
implant material is made based on its mechanical, technological, physical and chemical properties.

The article presents the most important achievements in the development of sliding polymers
used in orthopedics. Much attention has been paid to the latest trends in the development of the
polymers used for the sliding elements of endoprostheses.

Review of sliding polymers

The evolution of subsequent generations of endoprostheses gave reason for the application
of newer materials. In the 20th century, a broad spectrum of completely different materials was used
as the sliding components of endoprostheses, e.g. rubber [29], glass, celluloid, pyrex glass, bakelite
[22], or polymethyl methacrylate (PMMA) [8]. The rapid growth of interest in polymers in the 1950s
also influenced the development of biomaterials. At the end of the 50s and start of the 60s, sliding
components made of polytetraethylene (PTFE) were very common. The huge wear and the allergic
reactions on debris quickly ended the role of this material in arthroplasty [4]. Polyethylene was also
used at this time, and Sir John Charney first used it in 1962 as an insert made of ultra-high molecular
weight grade (PE-UHMW) [9, 12].

Apart from ultra-high molecular weight polyethylene, polyoxymethylene (POM) was also used
for the sliding components of endoprostheses [1, 19]. Laboratory studies [3] later revealed, however,
that the process of polyacetale wear is associated with the destruction of polymer chains with the
dissipation of formaldehyde - a highly carcinogenic agent — which excluded the use of POM as a
sliding biomaterial.

Another material with excellent mechanical and tribological properties, the use of which was
tried in arthroplasty, was PEEK. Attempts have been made to use it in an unmodified and reinforced
with carbon fiber form (CFR-PEEK) [15,26] as a material for the acetabulum of the hip joint. Despite
the excellent results obtained in in vitro studies [17], and also the fact that it has 10 times less wear
than PE-UHMW, it has been proved that there is a significant influence of wear particles on cytotoxic
reactions [24,27]. Currently, in the area of sliding biopolymers, this material is only used for the
coating on friction surfaces [6, 28].

Unsuccessful attempts (in orthopedics) to apply various polymers on the elements of working
friction resulted in a return to the proven material polyethylene [10]. Interestingly, at the end of the
20-th century there were 10 varieties of PE-UHMW. They differed, among others, with regards to
their molecular mass and content of calcium stearate (added to reduce oxidisation during gamma
sterilisation), and also with regards to the method of machining [13]. At the beginning of the current
century, the number of polymer varieties dropped to three [13]. Efforts to improve the properties of
PE-UHMW have been undertaken for many years. The objective was to reduce the quite high value
of the rate of wear, and also to improve its resistance to cracking under impact loading.

Reinforcement of PE-UHMW by the addition of carbon fibres increased its resistance to creep
and better reduced its wear rate [13], however, some technological issues appeared. The material
Poly lI® was withdrawn from the market 7 years after its introduction due to manufacturing problems
involved with compression moulding [11, 13].

The next interesting modification of PE-UHMWPE was Hylamer®, a material produced with
a strict control of its crystalline structure. The production process consisted in the application of a
very high pressure (above 280 MPa), high temperature (above 250°C), and a slow cooling of the
ready-made product. The material had a markedly higher rate of crystallinity (80%) and an elevated
Young’s modulus value [14]. On the basis of numerous laboratory and clinical tests, it was found that
the production method has a great impact on the tribological properties of polyethylene [16].
Components manufactured by the direct moulding method are two times more resistant to wear then
those manufactured by machining methods [13].

However, the most important modification in the use of polyethylene for an endoprosthesis
element was cross-linking treatment, which is a natural consequence of radiation sterilization. The
main chemical transformations driven by ion radiation in polyethylene, besides cross-linking, is
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degradation and oxidation [21]. Cross-linking consists of the creation of C-C links between
molecules. The degradation of elements made of polyethylene involves the disruption of chemical
bonds between the macromolecules of the polymer. Oxidation developing at the surface, or just
below the surface [13], consists of the creation of oxides and hydroxides [30]. A considerable
decrease in the wear of elements made of PE-HD, which are subjected to 100 Mrad radiation, was
observed when compared to radiation free PE-UHMW [13]. This increase in the resistance to wear
is due to a better cross-linking of polyethylene molecules. Restriction in the access of oxygen during
radiation by the use of neutral gas or a vacuum atmosphere significantly reduces negative chemical
transformations in the upper layer of the material (oxidation). A considerable improvement of
tribological performance, which is as a result of ion radiation and the limitation of the negative impacts
of this process, resulted in its widespread and successful application to the present day. Table 1
contains a summary of approximate wear data for different types of polyethylene.

Table 1 — Wear of polymer materials used for hip endoprostheses

Material Wear of socket of THR
Non-modified 0.12 — 0.25 mm/year — metal head
PE-UHMW 0.098 — 0.03 mm/year — ceramic head
Crosslinked 0.022 — 0.15 mm/year — metallic head
PE-UHMW
Highly crosslinked 0.076 mm/year — metallic head
PE-HD 0.072 mm/year — ceramic head
Direct compression moulding PE-UHMW 0.05 mm/year — metallic head
Reinforced by CF PE-UHMW (20% CF) Poly lI® | 4.89 - 10 g/cycle — metallic head
Specific manufacturing conditions PE-UHMW | 0.13 — 0,4 mm/year — metallic head
Hylamer® 0.15 - 0.33 mg/min. cycles — ceramic head

It should be noted that excessive cross-linking, in addition to generating a large amount of
free radicals, reduces the impact toughness of the material [2, 23]. The optimal dose of radiation
increases the wear resistance, while at the same time maintaining the required mechanical
properties [5, 7]. The use of selective cross-linking can be seen to be interesting, the idea of which
is to radiate only some areas of the polyethylene [18]. This allows the material matrix to remain
flexible, while also reducing tribological wear [18].

There have been many different polymers in the history of alloplastic. Many polymers with
excellent sliding properties cannot be used in joint arthroplasty due to allergic, toxicological reactions
or technological problems. The polymers applied in joint arthroplasty are subjected to various
modifications, such as plastic deformation, cross-linking or carbon fiber reinforcement. New
modification methods, such as selective crosslinking, allow tribological properties to be improved
without decreasing mechanical properties.

Figure 1 graphically presents all materials used in joint arthroplasty along with their possible
modifications and tribological properties.

With the current development of new technology and material engineering, it seems bizarre
that one base material is still used for the sliding elements of endoprostheses. Everything indicates
that the further development of sliding materials in joint arthroplasty will involve modification of the
material that has been used for the past 70 years - polyethylene. A significant advance would be to
obtain PEEK that is suitable for use in arthroplasty without negative consequences. An important
direction of development in the area of sliding biomaterials may also concern materials obtained by
incremental methods (3D printing) [25].
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Figure 1 — List of materials used in joint arthroplasty, their tribological features and modification
possibilities

Conclusion

In this review the approaches to achieving the material properties required for perfect
implants have been considered. Polymeric implants have been produced for more than 15 years and
are widely used in medicine not only in our country. They turned out to be very reliable, compatible
with biological tissues and there are reasons to say that they have high durability. The role of
polymeric material is to be a carrier of various growth factors and not to cause rejection by the body.

The introduction of a new generation of polymer implants will allow to significantly expand
the range of patients who can be provided with surgical assistance, reduce the number of
recurrences, improve the results of surgical interventions, and as a result - to restore the ability to
work and improve the quality of life of patients. The success of using bone materials based on
biodegradable polymers is based on an accurate understanding of the mechanism of action of
various components of the implant composition and strict compliance with the increasingly stringent
regulatory requirements of implant technology.
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BYbIH APTPOIMJIACTUKACBLIHAOAF bl MOTMMEPIIEPAOIH MOOAUDPUKALIMACHI

Ulonyda xupypeussnbik KondaHyra apHanrad apmypni nonumepnepdiH 6enaini xeHe KeH
mapanrad moduguKkauusiapbl cunammarnrad. 3HAonpome3de KblKbiMarbl Mamepuandap
pemiHde KondaHblnamaiH nrnacmmaccanapobiH KbicKauwla mapuxel yYebiHbinFaH. PMMA, POM, PTFE
XoHe  PEEK  cuskmbl  annonnacmukarnbelk — Mamepuandapdbl,  coHOal-aKk  onapdbiH
moducbukavyusinapbiH bipikmipyde KondaHydbiH cemciz apekemmepi mandaHdbl. Annepausisbik,
MOKCUKOIO2US/IbIK — peaKkyusifiapra HeMece MEXHOM02UsbIK  Macenesnepae  balinaHbicmebl
6ybIHOapObl 3HOOMpome3soey Ke3iHOe mamawa XblKbIMarbl Kacuemmepi 6ap KernmeaeH
nonumepnepdi naltdanaHy mymkiH emec. PE-UHMW nonuamuneriHe, coHdal-aK OHbIH mMo3yfa
me3simOirniai MeH MexaHukarnblK b6epikmigiH apmmbipyra apHanfaH MoOuuKkauusinapbiHa Ha3ap
ay@apbindel. Makanada nnacmmaccameH eHOey, migy Hemece KeMipmeKkmi masbiKmbl
apmamypanay cuskmbel epmypri  myprneHoipyrniepae  ywblparaH —[NOJIUSMUIIEHHIH — MO3y
Kepcemkiwmepi uHakmanraH. [lonusmuneHdi xemindipydiH COHFbI meHOeHUusinapbl 0a
cunammarnraH. bybiHdapdbl aHOonpome3sdey kesiHde nonumepriepdiH Modughukauusicbl. MaHbI30bI
xemicmik mepic candapcbi3 sHAoripome3sdeyze xapamObl PEEK any 6onap edi. CbipraHay
buomamepuandapbl canacbiHOarbl OamyObiH MaHbI30bl barbimbl Ke3€H-Ke3eHMEH allbiHFaH
Mamepuarndapra 0a Kambicmbl 6051ybl MyMKiH (3D 6ackin weirapy).

TytiH ce3dep: buompubornoeus, 6ybiH apmponnacmukacsl, PE-UHMW, cenekmusmi miey,
nonumeprep.
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MOANPUKALINA NOJIMMEPOB MNMPU APTPOIMJIACTUKE CYCTABOB

B 0630pe onucaHbl uzgecmHbie U Haubornee pacrnpocmpaHeHHbIe MOOUhuKayuu pa3nuyHbIX
rnonumepos Ons npuMeHeHuUs1 8 xupypauu. Kpamkas ucmopusi nnacmmacc, UCrosib3yemMbiX 8
Kayecmee CKoMb3sWux Mamepuaros 8 sHoorpomesax. [lpoaHanu3uposaHbl HeydayHble MornbIMKU
ucrnosib308aHusi 8 COeOUHEeHUU annornaacmu4yeckux mamepuasnos, makux kak PMMA, POM, PTFE
u PEEK, a makxe ux moducbukauul. MHoaue nonumepbi ¢ omudHbIMU CKOSIb3SWUMU ceolicmeamu
He mo2ym Obimb UCMOMb308aHbl MpuU 3HO0NPOME3UPO8aHUU CycCmagos8 U3-3a asiiepauqyeckux,
MOKCUKOI02UYECKUX peakyull uinu mexHonoaudyeckux npobnem. BHumaHue 6b1510 cocpedomoyeHo
Ha nonuamunerde PE-UHMW, a makxe e2o modugbukayusix, nogbiuiaroujux UsHOCoOCmouKkocms U
MexaHU4YeCcKy npoYyHocmb. B cmambe npusodumcs Kpamkas uHgpopmayus 06 uHmeHcusHocmu
u3Hoca nrnonuamusneHa, Mno08epPsHymMo20 pasfuyHbIM eudamM MoOuuKayuu, makuM Kak
nnacmu4yeckass obpabomka, cwueaHue unu apmMuposaHue yarepOoOHbIMU 80SIOKHamu. Takxke
ornucaHbl nocrnedHue meHoeHyuuU 8 obrriacmu cogepweHcmaosaHus nonuamuneHa. Modugukayusi
nosiuMepo8 8 apmponiacmuke cycmaegos. 3HadyumerbHbiM 0ocmuxeHuem 6bino 6kl nonyvyeHue
PEEK, npuaodHoz0 0r1s1 ucronb308aHuUsi 8 3HO0Mpome3suposaHuu 6e3 HeezamugHbix nocrnedcmeud.
BaxHoe HanpaseneHue pazsumusi e obnacmu buomamepuariog CKOJbXEHUS MOXem makxe
KacambCsi Mamepuarios, nosy4YeHHbIX nosmanHbiMu memodamu (3D-rnevyame).

Knrodyeeble cnoea: 6uompubonoaus, apmponnacmuka cycmaeos, PE-UHMW,
cesieKmugsHoe cuugaHue, rnouMepsbl.
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