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Introduction

Historically, metal has been the most popular material for fracture fixation and,
whilst it has excellent results, it is not without its problems. Biodegradable
materials have been attractive for many years but their use has previously been
linked to tissue reactions. A new generation of biodegradable polymer is now
available which overcomes these concerns. The current trend from metal to
biodegradable can therefore be attributed to the increasing sophistication of
biodegradable implants overcoming the inherent disadvantages of metal implants

(Rokkanen et al. 2000, Toro et al. 2005).

The main attraction of a biodegradable device, to both surgeons and patients, is
that it provides the correct amount of strength when necessary and harmlessly
degrades over time, until the load can be safely transferred to the healed bone.
This means that there is no need for an additional, removal operation - as there
would frequently be if a metal device were used - reducing the total treatment and

rehabilitation time of the patient.

As well as the benefits to patients and surgeons, there are obvious economical

advantages to avoiding an expensive removal operation.
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Further disadvantages to having metal plates, pins, mesh or other metallic implants

inside the body include:

e Accumulation of metals in tissues (Jorgenson et al. 1997, Katou et al. 1996,
Kim et al. 1997, Rosenberg et al. 1993, Schliephake et al. 1993)

e Hypersensitivity to titanium (Hunt et al. 1994, Katou et al. 1996, Lalor et al.
1991)

e Growth restriction (Yaremchuk 1994)

e Pain (Alpert and Seligson 1996, Schmidt et al. 1998)

e Corrosion (Agins et al. 1998)

e Implant migration (Cohen et al. 2001, Fearon et al. 1995, Goldberg et al.
1995, Honig et al. 1995, Stendel et al. 2001, Yu et al. 1996)

e Imaging and radiotherapy interference (Castillo 1988, Sullivan et al. 1994)

The operation to remove the implant is often required once the healing process is

complete or due to any of the complications above.

Patient Choice

In a recent publication, 91% of patients who participated in a questionnaire saw the
removal operation as the most negative aspect of a metal implant (Mittal et al.
2005). A further operation increases treatment and rehabilitation time, which can
have a significant impact on patients’ lives. Additionally, patients often experience
temperature sensitivity with metal implants (Orringer et al 1998) and may be
uncomfortable being able to see and feel the metal under the skin. They may also

be apprehensive of metal-detecting security systems.
In the publication mentioned above, 95% of patients appreciated the features of

biodegradable implants and responded that they would prefer to have their fracture

stabilised with a biodegradable implant (Mittal et al. 2005).
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Polymer background
By definition, biodegradable refers to a biologically assisted degradation process.
Within orthopaedics, terms such as bioabsorbable and resorbable refer to the use of

biodegradable materials.

A number of biodegradable polymers have been approved for safe internal use and
have been used in surgical applications for the past 35 years, initially as suture
materials:

e Dexon - Polyglycolide (PGA) suture

e Vicryl - PGA/Polylactide (PLA) 90:10 suture

e PDS - Polydioxanone (PDS)

e Maxon - PGA/Tri-Methylene Carbonate (TMC)

In the last two decades the use of biodegradable materials has expanded to include
fixation applications. They now have more than 20 years clinical history, with
successful documented use in pins, screws, plates, membranes, anchors, dowels,

rods, drug delivery devices and supportive scaffolds.

Some of the earlier biodegradable implants caused problems as they were typically
created from a single type of polymer. Some degraded too quickly causing tissue
reactions or took too long to degrade offering no real advantages over metal
(Andriano et al. 1994).

The most common biodegradable polymers previously used in orthopaedics were
created from L lactide, D lactide and Glycolide. In the literature the terminology can
vary; for example, L lactide (the monomer) can also be referred to as L lactic acid

and the homopolymer as poly L lactic acid, PLLA or LPLA.

L lactide, D lactide, Glycolide and Tri-Methylene Carbonate (TMC) are single units -

known as monomers (figure 1).
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Figure 1. Examples of monomer units.

These monomers can be formed into chains called polymers (figure 2). For

example, L lactide monomers can join to form the polymer Poly L Lactide (PLLA).

Figure 2. Monomers joined to form a polymer.

A polymer can consist of a single type of monomer, creating a homopolymer (figure
3).
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Figure 3. Representation of a homopolymer chain with only one monomer repeated.

Or a polymer can consist of two or more types of monomer, creating a copolymer

(figure 4).
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Figure 4. Representation of a copolymer chain using two different monomers.
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Inion OPTIMA™

To create the next generation of biodegradable polymers, Inion has perfected the
process of blending materials to allow the creation of polymers with appropriate
strength, excellent flexibility and tailored degradation rates — suitable for each
specific application - producing the most advanced biodegradable implants

available.

The Inion OPTIMA™ family of materials is created using a combination of the safe
and biocompatible (Bostman and Pihlajamaki 2000, Middleton and Tipton 2000,
Rokkanen et al. 2000) monomers; L lactide, D lactide, TMC and occasionally also
Glycolide when particularly fast degradation is required. By blending, Inion has
been able to establish a ’library’ of materials from which to select ones of the
appropriate strength, toughness, malleability and degradation to meet specific

clinical requirements.

For example, the material used in screws is selected to give optimal torque
resistance and shear strength. For plates, different polymer combinations are used

to give optimal flexibility and tensile strength.

The presence of TMC increases the toughness and contributes to the product’s
ease-of-use. There are additional practical benefits to Inion OPTIMA™ that may

make operational procedures easier to perform:

e Screws, plates and mesh can be cut to size

e Plates and mesh can be moulded to shape

Polymer degradation
Degradation characteristics depend on many factors including:
e Microstructure
e Molecular structure
e Copolymer ratio
e Processing conditions
e Shape of the implant

¢ Implantation site
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The microstructure of a polymer refers to whether it is amorphous or crystalline
(figure 5). An amorphous structure means that the polymer chains are randomly
oriented. The chains are loosely packed and can slip past each other relatively
easily. Crystalline polymers have regions in which the chains lie parallel and in close

proximity to each other.

Figure 5. Polymer microstructures: amorphous (left) and semi-crystalline polymer

with crystalline and amorphous regions (modified from Pietrzak et al. 1997).

Homopolymer chains tend to form more ordered structures which are therefore
more crystalline. Copolymers tend to form less ordered structures which are
therefore usually amorphous. However, even crystalline homopolymers are never
completely crystalline. Rather, a crystalline polymer will always contain both

crystalline and amorphous regions and is best termed semi-crystalline (figure 5).

Crystalline polymers have a regular internal structure and because of the orderly
arrangement are slow to degrade. Amorphous polymers have a random structure
and are completely and more easily degraded. Semi-crystalline polymers have
crystalline and amorphous regions. Breakdown of the implant begins in the

amorphous area leaving the more slowly degrading crystalline debris.
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During the first phase of degradation, water penetrates the biodegradable device,
initially cutting the chemical bonds and converting the long polymer chains into

shorter and shorter fragments (hydrolysis).

In the second phase, the fragments are degraded into natural monomeric acids

found in the body, such as lactic acid.

These acids enter the Kreb’s (citric acid) cycle and are metabolised into carbon

dioxide and water which are then exhaled and excreted in phase three.
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Figure 6. lllustration of the degradation process of a biodegradable polymer.

The polymers PLLA and PGA exhibit distinctly different degradation behaviour (Wu
et al. 2003). PGA is hydrophilic and degrades very quickly (Andriano at al. 1994),
losing virtually all strength within one month and all mass within 6-12 months.
During this phase of rapid degradation, large quantities of the Glycolide monomer

are released.

PLLA has a much slower rate of absorption (Andriano et al. 1994). This
homopolymer of L lactide is highly crystalline due to the ordered pattern of the
monomers and has been documented to take more than 5 years to absorb

(Bergsma et al. 1995).

Biodegradable implants do induce a non-symptomatic but histopathologically

recognisable tissue response; it seems to be a phenomenon inherent in the
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degradation and absorption processes (Rokkanen et al. 2000). This is expected and

normal as long as it does not cause any clinical signs.

However, incidence of adverse tissue reactions to implants made of PGA (faster
degradation) has been reported from 2.0 to 46.7% (B6stman and Pihlajamaéaki
2000, Pietrzak et al. 1997). Adverse reactions can occur if the rate of degradation
exceeds the limit of tissue tolerance (Bostman and Pihlajaméki 2000) as can be the
case with PGA (Andriano et al. 1994). Local accumulation of released monomers
may lower the local pH of the tissue (Ambrose and Clanton 2004). This drop in the
local pH in turn can lead to increased osmotic pressure, which may lead to a
temporary expansion of the implant cavity or to a local sterile fluid accumulation.
The patient would notice this reaction as swelling and pain (B6stman and
Pihlajamaki 2000) and would typically be prescribed anti-inflammatory drugs and

rest.

Conversely, in studies investigating PLA-based implants (slower degradation), the
incidence of adverse tissue reaction is much lower; from O to 1% (B6stman and

Pihlajamaki 2000).

The ideal biodegradable material provides appropriate strength whilst degrading in
a predictable fashion throughout the healing process, without causing adverse

reactions (Peltoniemi 2000).

Inion OPTIMA™ materials live up to this ideal.

The polymers within the OPTIMA library of blends get their physical properties from

varying proportions of its composite monomers:

e L Lactide
o0 Provides strength to implants
o0 Hydrophobic - degrades slowly
e D Lactide
o0 Disrupts crystallinity

o Flexibility
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e Glycolide
o0 Hydrophilic - degrades quickly
e TMC
0 Glass transition temperature is subzero; it is rubbery at room
temperature

0 Provides enhanced malleability and toughness

Because Inion OPTIMA™ materials consist of several monomer types, they are
amorphous and degrade completely. The implants also remain amorphous after
manufacturing due to Inion's carefully controlled production processes (some other
copolymers become semicrystalline during manufacture). In comparing the
degradation of Inion OPTIMA™ to PLLA and PGA: PLLA degrades slowly with
crystalline debris usually remaining. PGA degrades completely but too quickly
(Andriano et al. 1994). OPTIMA™ degrades completely and within the appropriate
length of time for each application.

e Crystalline PLLA (Pistrier 1993) P GA-co-PLA 90/10 (Zong 1999)
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Figure 7. Mass loss rate of fast degrading PGA-co-PLA 90/10 copolymer and slowly

degrading crystalline PLLA in comparison to Inion OTPS™ 2.0 mm plate material.
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The tailored degradation rate of Inion OPTIMA™ progressively transfers load to
healing bone so that the material degrades to coincide with the rate of bone healing

(Figure 8).

Mechanical
properties

Material

Figure 8. The material’s mechanical properties decrease as it degrades.

Typically, Inion OPTIMA™ materials decrease to 70% of their initial strength 9-14
weeks after implantation (6-9 weeks for paediatric implants) then disappear

completely over a period of 2-4 years in vitro.

Due to the blending process, the overall degradation of Inion OPTIMA™ does not
have the extreme degradation peaks sometimes seen in products made from one
type of polymer. The likelihood of degradation-related inflammatory reactions is
therefore usually lower than fast-degrading homopolymers (Inion data on file.
2005) and very low levels of adverse tissue reaction (—0.1%) have been reported
to Inion — compared to incidences of up to 46% seen in other materials (B6stman

and Pihlajamé&ki 2000).

Version 1.1 Copyright Inion Limited Page 11 of 18



Summary
Many agree that biodegradable implants offer clear advantages over the traditional
metal implants. They retain their strength long enough to support a healing bone,

then gradually and harmlessly disintegrate in the patient's body (Gourville 2005).

Inion OPTIMA™ biodegradable implants have many advantages over metal

implants, specifically for:

e Patients
o0 No additional surgery required for implant removal
No permanent implant in the body
Safe and biocompatible material, no risk of metal allergic reactions
Reduced trauma

No long-term implant palpability

O O O o o

No implant temperature sensitivity

e Clinicians
o Compatible with Magnetic Resonance Imaging (MRI) for post-
operative diagnosis
0 Reduced radiographic scatter/obstruction
o0 Minimised risk of obstruction during any follow-up surgery

0 Increased patient satisfaction

e Additional benefits
0 Predictable degradation to provide progressive bone loading,
preventing stress shielding to aid better bone healing
Reduced total cost - no removal operation
Provided sterile reducing risk of cross infection

No growth disturbances in children

o O o o©

Allows micro-movement to aid fracture healing
The predictable and tailored degradation profile of Inion OPTIMA™ materials in

addition to the structural benefits of the polymer blend, afford the advantage over

first-generation biodegradable devices.
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The use of biodegradable polymers in the field of orthopaedic surgery has gained
increased popularity (EI-Amin et al. 2002) and many clinicians are predicting more
widespread application of biodegradable materials (Liu et al. 2002). The use of
biodegradable materials is also well-accepted by patients, with 95% of patients who
participated in a recent study responding that they would prefer to have their

fracture stabilised with a biodegradable implant (Mittal et al. 2005).

Future developments

As the use of biodegradable orthopaedic implants increases, the ability to carry
osteoconductive compounds (that promote bone formation) can be further
investigated. Their release over the course of the degradation can stimulate
enhanced fracture healing (Bessho et al. 2002, Raschke and Schmidmaier 2004,

Saito et al. 2005, Wildemann et al. 2005).
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