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Summary1 

During the last few decades interest in resorbable poly- 
meric materials has been steadily increasing. As with 
other materials for implantable devices, they have to 
satisfy several biological and technical requirements. 
Implants should maintain adequate mechanical prop- 
erties in vivo for the time required and degrade at an 
effective rate. The conditions of polymer synthesis, 
further processing into implants and the sterilization 
process determine the mechanical properties of re- 
sorbable implants. Degradation of implants is mani- 
fested by implant fragmentation, strength loss and the 
decrease of polymer molecular weight. The rate of 
degradation and the tissue reaction are strongly affect- 
ed by the material chemical composition and to some 
extent also by the mechanical properties. 

Potentially, devices made from bioresorbable poly- 
mers can overcome problems associated with metal im- 
plants like stress protection, potential for corrosion, 
wear and debris formation, as well as the necessity of 
implant removal. Resorbable polymers have proven to 
be good materials for a range of devices in trauma 
surgery. However, modifications and optimizations are 
still required. Three-dimensional porous scaffolds in 
various geometrical forms offer a good potential for the 
manufacture of tissue-engineered implants in the fu- 
ture. 
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1 Abstracts in German, French, Italian, Spanish, Japanese and 
Russian are printed at the end of this supplement. 

Introduction 

During the last few decades interest in resorbable ma- 
terials, i.e. biomaterials which degrade in vivo to non- 
harmful by-products has been steadily increasing. 
Degradation products of such materials are usually pre- 
sent in the body as metabolites or constituents of the tis- 
sues. The early application of bioresorbable polymers 
almost exclusively for sutures (Dexon, Vicryl, Maxon, 
Monocryl, PDS, Polysorb, Biosyn) [l-8] is now widely 
expanded. Implants for trauma surgery (pins, screws, 
plates, dowels, anchors, membranes [9,10], drug carri- 
ers [ll], delivery devices in gene therapy [12] and three- 
dimensional porous scaffolds in various geometrical 
forms (porous membranes, porous blocks (sponges), 
chips, beads (microspheres), fibrous structures such as 
fleeces and nonwoven mats) for tissue and organ sub- 
stitutes and tissue-engineered implants are typical ex- 
amples [13-181. 

Materials for implants 

As with other materials for implantable devices, biore- 
sorbable polymers also have to satisfy several biologi- 
cal and technical requirements to qualify. Thus, they 
should not induce adverse inflammatory or foreign 
body reactions; be carcinogenic, mutagenic, or terato- 
genie; cause allergic, hypersensitive, or toxic responses; 
or activate the complement system 1191. They should be 
convertible into good quality and sterile implants using 
available processing and sterilization techniques. Im- 
plants should maintain adequate mechanical properties 
in vim for the time required for bone fracture healing 
and degrade at a rate that allows for effective metabo- 
lism of degradation products. Among resorbable poly- 
mers for implants, polyhydroxyacids occupy the main 
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Table 1: Degradation rates of various resorbable polymeric implants 

S-D29 

Polymer 
(implant form) 

Retained strength 
(%/week) 

Total strength 
loss (months) 

Polydioxanone (sutures) 60/4 (40/6) 2 
Poly(glycolide-co-trimethylene carbonate) (sutures) 55/4 (14/7) 2.5 
Polyglycolide (sutures) 30/2 1 
Poly(glycolide-co-lactide)(sutures) 30/3 1 
Poly(L-lactide) (solid, non-oriented) 40/B 3 
Poly(L-lactide) (solid, oriented) 80/12 (65/25) l-7 
Poly(L/DL-lactide) 70/30% (solid, nonoriented) 40/121) 3 
Poly(L/DL-lactide) 80/20% (solid, nonoriented) 50/121) 4 
Poly(L/DL-lactide) 80/20% (porous membranes) 20/121) 4 

Complete resorption 
time (months) 

6 
6 
4 
2 

l-72 
36-721) 
24-361) 
24-361) 
12-18 

1) values to be proven by further experiments 

position. These are mainly poly(L-lactide), poly(glycol- 
ide) and/or copolymers based on L-lactide, L/DL-lac- 
tide, DL-lactide, glycolide, trimethylene carbonate and 
e-caprolactone. More recently, experimental polymers 
based on tyrosine carbonate have been suggested as ma- 
terials for implants (Fig. 1). 

Degradation of polyhydroxyacids 

Polyhydroxyacids degrade to monomeric acids and 
subsequently to carbon dioxide and water. These are re- 
moved from the body via respiratory routes and kid- 
neys (Krebs cycle). Degradation of implants from poly- 
hydroxyacids in vivo proceeds via a random, bulk 

E TT 
HO CH,-CH,-C-NH-fH-CH2 OH 

p=o 

a 
ri 

Fig. 1: Various monomer structures representing the basic el- 
ements for polymerization of resorbable polymer implant ma- 
terials: A) glycolide, B) lactide, C) trimethylene carbonate, D) 
e-caprolactone, E) tyrosine-derived diphenolic diol. 

hydrolysis of ester bonds in the polymer chain. This is 
manifested by implant fragmentation, strength loss and 
the decrease of polymer molecular weight. Dissolution 
of low-molecular weight fractions, phagocytosis, lysis 
and enzymatic activity play a significant role at the final 
stage of material degradation. The rate of in vivo degra- 
dation of bioresorbable polymeric implants is strongly 
affected by the material chemical composition. By 
changing the proportions between the monomeric units 
constituting the polymer chain, it is possible to adjust 
the implant resorption time and to some extent also its 
mechanical properties. Other factors which affect in vivo 
degradation involve the implant’s physical structure, 
molecular weight, polydispersity, chain orientation, 
crystallinity, the load (stress) acting on the implant, the 
implant mass, solidity, the presence of additives, and 
the site of implantation. In general, the increase of im- 
plant molecular weight, degree of orientation, crys- 
tallinity, mass, solidity and chain regularity decreases 
the rate of degradation. Highly vascularized implanta- 
tion sites, an aggressive environment, load acting on the 
implant and the presence of additives accelerate degra- 
dation [9]. 

Bioresorbable internal fixation devices 

Bone fractures are treated satisfactorily with rigid met- 
al internal fixation devices which have a long clinical 
history, are reasonably cheap, and easy to produce and 
shape. Yet, large differences in Young’s moduli between 
implants and bone, the reduction of the blood supply at 
the implantation site, stress protection, potential for cor- 
rosion, wear and debris formation, and the necessity of 
implant removal are often cited as drawbacks of these 
implants. In addition, in the craniofacial skeleton there 
are problems associated with implant extrusion, devas- 
cularization, palpability and migration. In children, lo- 
cal contour deformities in the bone adjacent to the plat- 
ed area, plate intrusion due to appositional growth, and 
development of compensatory growth at sites distant to 
the site of fixation create problems. Thus, there is still a 
need for fixation devices which would be free from these 
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drawbacks. Such devices similar to the metal ones 
should ensure adequate bone fracture fixation, yet, they 
should transfer increasing load to bone, not affect skele- 
tal growth, and not require removal. Potentially, such 
devices can be produced from bioresorbable materials 
including polymers, glasses, ceramics and composites 
based on these three classes of materials. However, as 
the problems associated with adequate adhesion be- 
tween the polymeric matrix and the reinforcing inor- 
ganic component in the composite system do not seem 
to be satisfactorily solved yet, resorbable internal fixa- 
tion devices are almost exclusively produced from poly- 
mers alone. 

Tissue reaction to resorbable polymers 

Mechanical properties of resorbable polymeric 
implants 

The commercial resorbable implants available at pre- 
sent have a tensile strength of about 36%, a flexular 
strength of 54% and an elastic modulus under tension 
of 4% of those of stainless steel. 

Table 2: Mechanical properties of polylactide implants 

Production 
technique 

Bending (flexular) Elastic modulus 
strength (MPa) under 

bending (GPa) 

Injection-moulding 80-140 5- 6 
Melt-extrusion 80-150 5- 7 
Solid-state extrusion 150-350 7-14 
Bone 100-200 740 

Tissue reaction to resorbable polymeric implants is 
much dependent on the material chemical composition, 
its degradation rate and toxicity of degradation prod- 
ucts. Physical factors, which affect tissue response to im- 
plants include, their shape, physical structure, the mass 
of the implant, the stress at the implantation site and the 
micromotions at the implant tissue interface. Large 
bulky implants from fast degrading polymers may 
cause more pronounced inflammation than small im- 
plants from slowly degrading polymers. Inflammatory 
response may be intensified as a result of implant posi- 
tional instability invoking micromotions. A typical soft 
tissue reaction to fast resorbing implants from polygly- 
colide or poly(glycolide-co-lactide) is manifested by the 
formation of a fibrous capsule containing mononuclear 
cells, polymorphonuclear leucocytes and lymphocytes, 
occasional giant cells, and fibroblasts. Histocytes, large 
multinucleated giant cells, macrophages and fat cells are 
found at the later stages of degradation. Soft tissue re- 
action to slow degrading polymers, such as polylac- 
tides, is mild and may involve fibroblasts, histocytes, 
foreign body giant cells and macrophages and no lym- 
phocytic or plasmacytic infiltration up to 4 years after 
subcutaneous implantation 120,211. It should be men- 
tioned, however, that in some publications the presence 
of lymphocytes, mast cells, plasma cells, eosinophils, 
and lymphoid cells has also been reported. The differ- 
ences in purity (catalyst residues, the nonreacted 
monomer, a low molecular weight fraction present ini- 
tially in a raw material or formed in the implant during 
processing) may be the reason for the reported varia- 
tions in tissue response to polylactides. Bone reaction to 
polylactides is in general good if the implant is proper- 
ly designed, produced from a suitable polymer, and sur- 
gical technique is adequate. Reported cases of sterile 
cyst formation are more frequent for implants from fast 
degrading poly(glycolide) than from polylactides [22] 
and may have their origin in inadequate implant puri- 
ty, bone overdrilling or implant positional instability 
promoting micromotions at the bone-implant interface. 

The conditions of polymer synthesis and further pro- 
cessing into implants strongly affect the molecular 
weight, chain orientation, crystallinity and purity of im- 
plants. All these factors determine the mechanical prop- 
erties developed in the implants. The higher the molecu- 
lar weight, chain orientation, crystallinity and material 
purity, the better mechanical properties can be achieved. 
It should be kept in mind, however, that increasing these 
physical properties increases the time required for com- 
plete implant resorption. Hence, a proper balance be- 
tween all these factors is required to obtain resorbable 
implants with satisfactory mechanical properties, yet 
acceptable, not too long resorption times. 

Processing and sterilization of bioresorbable 
polymeric devices 

Commercial, solid resorbable polymeric devices for in- 
ternal fixation are mainly produced from the melt by in- 
jection-moulding, compression-moulding or melt- 
extrusion. Orienting of polymer molecules in these ob- 
jects can additionally enhance their mechanical proper- 
ties. This is usually achieved by stretching of objects 
with small cross-sections, e.g. fibres, or so-called solid- 
state or ram extrusion of objects with large cross- 
sections, e.g. elements for screws, pins or plates. In the 
latter process, the objects are pulled or pushed through 
the nozzles with smaller cross-sections. This results in 
the reduction of the implant cross-section associated 
with orientation of polymer molecules in the drawing 
direction. Melt-processing of resorbable polymers 
usually results in a substantial reduction of polymer 
molecular weight and mechanical properties of the im- 
plants. This is why the mechanical properties of re- 
sorbable internal fixation devices available at present 
are far from ultimate. This calls for new technologies 
allowing for processing of resorbable polymers into 
high-strength, high-modulus implants. 
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Porous implants (membranes and sponges) can be 
produced from the melt or from solution. Both tech- 
niques have their limitations. As mentioned above, 
melt-processing causes material degradation. The use 
of low-toxicity blowing agents or gases mainly results 
in foams with predominantly closed-cell structures. So- 
lution-processing requires dissolving of polymer in a 
suitable solvent to obtain solutions with the required 
concentration. The pores in polymer matrix can be de- 
veloped by nonwoven web-spinning, salt-leaching, 
leaching of polymeric or monomeric additives, phase- 
inverse process or freeze-drying. Although solution 
processing does not affect the polymer molecular prop- 
erties, the scaffold post-treatment procedure (salt ex- 
traction, rinsing) will affect its surface properties and in 
consequence, the interaction with cells and tissues. 

Yet, another problem relates to sterilization of re- 
sorbable implants. High-energy irradiation causes ex- 
tensive material degradation and loss of mechanical 

properties. Ethylene oxide sterilization does not practi- 
cally affect mechanical and molecular properties of re- 
sorbable polymers, but there are concerns about ET0 
residues and environmental problems. New steriliza- 
tion techniques for resorbable polymeric implants such 
as the treatment with low-temperature plasmas of var- 
ious gases are still under investigation. 

Nevertheless, quite a number of implants made from 
resorbable polymers are commercially available nowa- 
days (Fig. 2). Sutures are used for the repair of soft tis- 
sues; pins and screws in diameters ranging from 1.5 to 
5.0 mm are used for the fixation of bone flakes in limit- 
ed load bearing fractures, e.g. forearm fractures; small 
plates and screws are applied in craniofacial surgery; in- 
terference screws and staples are used in knee surgery 
for the re-attachment of cruciate ligaments; harpoon de- 
vices are used for meniscus tears; anchors are inserted 
into the bone to enable the anchorage of sutures which 
attach tendons, ligaments or joint capsules to bone. In 
hip joint replacement, resorbable plugs are inserted into 
the femoral diaphysis as cement flow stoppers. In oral 
surgery, membranes are used in guided tissue regener- 
ation with the aim of inducing sufficient bone stock for 
dental implant anchoring. Membranes may be held in 
place with resorbable dowels. However, the very 
promising three-dimensional, porous scaffolds with po- 
tential in lost tissue and/or internal organ substitution, 
in cell culture and tissue regeneration for the manufac- 
ture of tissue-engineered implants or other future ap- 
plications are still at the research or development stage 
and are not yet ready for standard clinical use. 

Concluding remarks 

Resorbable polyhydroxyacids have proven to be good 
materials for a range of implantable devices. Existing 
production technologies require modification to obtain 
high-strength, high-modulus internal fixation devices 
with predetermined molecular characteristics. A new 
class of resorbable polymers should be developed al- 
lowing for the preparation of resorbable implants with 
adequate mechanical properties and preferably a re- 
sorption time of 1 to 2 years. Such a degradation time 
frame might allow for the effective metabolism of degra- 
dation products and reduce the chance of their local 
accumulation. Resorbable internal fixation devices can 
effectively supplement existing metal ones. 

Fig. 2: The PolypinTM representing a commercially available, 
resorbable polylactide implant, which is used for operative 
fixation of fractures subjected to slight biomechanical stress, 
like apical fragments at the radius head or osteochondral frac- 
tures at the talar dome or femoral condyle (top) and overall 
view of three-dimensional, as-prepared, porous scaffolds of 
different shape are supposed to be used in future in various 
applications (scale bar = 10 mm; down). 
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