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Abstract: 

Among the various sectors of the health-goods industry, the medical device sector is 

experiencing sustained global growth of 6% [1]. This sector includes a wide variety of 

health products, from surgical gloves to pregnancy tests, to cardiac pacemakers and 

medical imaging equipment. Our focus will be on a family of devices, the implantable 

medical devices (EMD), the definition of which is "Any device intended to be 

implanted entirely in the human body or through surgery, and to hip, knee, elbow, etc.), 

cardiovascular surgery (stents, heart valves, etc.), visceral or gynecologic surgery 

(trellis for abdominal hernia or genital prolapse). All these IMDs are based on 

biomaterials. The chester conferences of the European Society of Biomaterials (ESB), 

called consensus conferences, adopted in 1986 and 1991 the following definition of 

biomaterial: "non-living material, used in a medical device and designed to interact with 

biological systems, whether it contributes to the development of diagnostic equipment 

or to that of a tissue or organ substitute, or to that of a functional assistive device." 

In order to fully meet the requirements of the specifications of a clinical application, 

these biomaterials must have very precise properties and characteristics. Firstly, the 

biomaterial must be biocompatible: it must not cause infections, must not contain toxic 

and / or carcinogenic substances, and must not cause an inflammatory reaction or 

rejection. Then, the mechanical properties of the medical device must be in adequacy 

with those of the host tissues and with the mechanical stresses that are related to the 

healing process. Finally, biomaterials must be compatible with physical constraints and 

chemical when used in the body. 
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Figure 1. "Ideal" representation of the variations of the mechanical properties of the 

artificial ligament and the ligament in reconstruction. 

The process of manufacture as sterilization, mandatory before any implantation in an 

organism of the various types of biomaterials (metals and alloys, ceramics, polymers), 

polymers are becoming increasingly important because of their wide variety of 

compositions and thus properties, and their extremely numerous applications. They can 

be of natural or synthetic origin, degradable or not for temporary or permanent 

applications. All areas of medicine and surgery are concerned (endocrinology, urology, 

cardiology, orthopedics, stomatology, ophthalmology, etc.), to illustrate the use of 

synthetic degradable polymers for the design of implantable medical devices, we will 

use examples of biomaterials that can replace the anterior cruciate ligament (ACL), a 

very important current challenge in orthopedic surgery. 

Degradable Polymers and Ligament Reconstruction: 

In the reconstruction of the anterior cruciate ligament (ACL), autologous grafts are used 

by surgeons to provide collagen fibers, a natural polymer that is resistant to 

physiological stress and tissue repair. Although currently the most satisfactory 

technique for surgeons, it nevertheless has drawbacks, in particular the preparation time 

of the graft, which accounts for more than half of the operating time, and the morbidity 

due to tissue removal. Healthy in the patient. Therapeutic solutions have gradually 

turned to the use of exogenous biomaterials such as carbon fibers, poly (ethylene 

terephthalate) (PET), poly (tetrafluoroethylene) (PTFE) or polypropylene (PP) [2]. 

However, these non-degradable compounds have shown their limits: abrasion 

phenomena in fact lead to rupture of the ligament in the long term and re-colonization 

by the tissues is not carried out optimally [3]. Ideally, the cells should colonize the 

prosthesis and produce a neo-tissue that gradually takes over from the prosthesis that 
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ensures knee stability until it is replaced by the new ligament. This neo-tissue can only 

be effective if it is stressed [4]. So it is necessary that the prosthesis gradually loses its 

mechanical properties and that, concomitantly, the neo-ligament gains in mechanical 

properties so that the assembly can ensure the stability of the knee continuously (Figure 

1) [5]. 

The answer to this problem can only be brought by the use of degradable biomaterials. 

These can be of natural origin, but they suffer from a lack of mechanical properties (this 

is the case of collagen) or a too slow degradation in the body (like silk). Research has 

therefore focused on synthetic polymers. These biomaterials must be biocompatible, 

including during their period of degradation, and their use authorized by the FDA (Food 

and Drug Administration) in the United States, and by European authorities. Our choice 

was therefore focused on poly lactic acid derivatives that meet these criteria. 

Specifications summarizing the essential characteristics of the ligament reinforcement 

were then elaborated. It is primarily based on the mechanical properties of the cruciate 

ligament, which supports significant knee constraints. The ACL, in a man, has a tensile 

strength and a tensile stress of respectively between 1100 and 2500 Newton (N) and 

between 13.7 and 36.4 MPa (megapascal) [5]. In cyclic stress, common in the knee, the 

ligament deforms under stress and returns to its initial state of tension. Its rigidity is 

reflected in particular by the value of Young's modulus1, between 50 MPa and 150 

MPa, and its stiffness, between 111 and 397 N / mm [5]. 

As with all materials intended for use in a living organism, other criteria must be 

considered when preparing an artificial ACA. It must have a degradation rate 

compatible with the speed of tissue reconstruction. According to the literature [6], this 

reconstruction time is between three months, to obtain mechanically satisfactory 

collagenic structuring, and two years for complete healing with a tissue structure 

identical to the native tissue. The material used must thus provide temporary 

mechanical assistance during the first three months and then gradually degrade to leave 

room for the neo-fabric. It must also be able to take the form of wire / braid / filament 

/ mesh to provide a cylindrical and porous structure that will be compatible with the 

colonization of ligamentocytes. Finally, the object shaped from the material must be 

sterilized so as to avoid any risk of infection. 
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Figure 2. Triblock copolymer structures. The structure of copolymers: mechanical 

properties 

The fundamental step in this research is to obtain a chemical structure that meets the 

specifications, especially with regard to its mechanical properties. For temporary 

applications such as implantable medical devices [7], active substance release systems 

[8, 9] or tissue engineering materials [10,11], aliphatic polyesters derived from lactide 

(LA) , glycolide (GA), or caprolactone (CL), are the most used because approved by 

the US and European health authorities. But, despite their excellent biocompatibility, 

these polymers cannot have all the optimal properties for many applications [12, 14]. It 

is therefore necessary to modify these structures. The most conventional method is 

copolymerization which makes it possible to obtain compounds containing at least two 

different patterns. Depending on the arrangement of the units in the chain, random or 

block copolymers (blocks) are obtained. These are, as a rule, more interesting because 

they allow to cumulate the properties of the two homopolymers. Our goal was therefore 

to develop thermoplastic elastomers2 (TPE) that combine a monomer providing 

stiffness properties with a monomer providing elastic segments conferring elasticity, 

the assembly must remain biocompatible and biodegradable. The DMI (ligamentous 

prosthesis) will play the role of the deficient tissue as it is reconstituted. It will then 

disappear from the body by hydrolytic degradation. Unfortunately, the aforementioned 

polymers are very rigid and very hydrophobic and, for applications as a thermoplastic 

biomaterial, their mechanical characteristics and hydrophilicity should be modulated. 

Hydrophilicity is commonly obtained  with PLA-b-PEG copolymers (PLA: polylactic 

acid; PEG: polyethylene glycol) which comprise one or two PLA sequences (which is 

hydrophobic) and a PEG sequence, biocompatible and inexpensive, which imparts 

hydrophilicity to the biomaterial. Although not intrinsically degradable, PEG is 

completely eliminated from the body by renal filtration, after degradation of the PLA 
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units, provided that its molar mass is not too high (<20-30,000 gmol-1). However, the 

PLA-b-PEG copolymers have too weak mechanical characteristics, in particular at the 

Young's modulus (5 to 70 MPa for the copolymer, against 50 to 150 MPa for the LCA 

and 1.5-2 GPa). for PLA100 alone) and tensile stress (1 to 10 MPa for the copolymer, 

16-36 MPa for the LCA, and 12-20 MPa for the PLA100 [15,17]). 

We were interested in new amphiphilic copolymers. In particular, we have replaced 

PEG with Pluronic F127  or Tetronic 1107  (Figure 2) with hydrophilic commercial 

polymers approved by health authorities. The average molar masses of Pluronic F127 

and Tetronic 1107 are respectively 12,600 gmol-1 and 15,000 gmol-1, which makes it 

possible, as for PEG, to eliminate them by renal filtration. . PLA-Pluronic -PLA and 

PLA-Tetronic -PLA triblock copolymers have been prepared and studied as novel 

biodegradable elastomeric thermoplastics [18]. The mechanical properties of these 

copolymers were examined as a function of the length of the PLA segments and the 

nature of the hydrophilic central unit (Pluronic and Tetronic). PLA is here a PLA94 

(that is, it is composed of 94% L-lactic units and 6% D-lactic units). This particular 

stereocopolymer was chosen because it represents a good compromise between 

mechanical properties and degradation rate, both of which are well adapted [19-22]. In 

particular, it is noncrystalline, which significantly increases its rate of degradation 

relative to that of PLA100. The copolymers were prepared by ring opening 

polymerization of the lactide primed by the alcohol ends of Pluronic and Tetronic, using 

tin octanoate as a catalyst, according to a method well known in the literature. 

The main mechanical properties of the copolymers obtained are shown in Table I which 

shows that the Young's modulus values observed with these copolymers are higher than 

those of the PLA and PEG copolymers.  

High is interesting for the strength of the artificial ligament when it is subjected to 

stretching. It is known, moreover, that subsequent sterilization can lead to chain breaks 

which lead to losses of mechanical properties and an increase in the rate of degradation 

[23]. 

The influence of the molar mass of PLA blocks on the mechanical properties and 

hydrophilicity, measured by the initial intake is also examined. As expected, the 

copolymers with the longest PLA chains have the best mechanical properties and the 

lowest water absorption, so they will degrade the least rapidly. Indeed, although they 
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undergo degradation, they retain more than 80% of their molar mass after seven weeks. 

In view of the results relating to the mechanical properties and to the rate of degradation, 

the PLA-Pluronic and PLA-Tetroniccopolymers of high molar masses were thus 

retained. 

Sterilization: 

Sterilization of the biomaterial is a mandatory step for medical applications. This 

essential step is, however, known to degrade the polymer chains, especially the 

degradable polymers, and therefore, firstly, the mechanical properties and degradation 

rate of the biomaterial. The copolymers that we retained were sterilized by gamma 

radiation (between 31.5 and 39 kGy [kilo gray]) or beta (between 25 and 27 kGy) under 

a normal atmosphere. The variations of the Young's modulus, the stress and the 

elongation at break of the copolymers 94P200 and 94T200 before and after sterilization. 

The variations observed can be significant and come under two different phenomena: 

chain breaks and cross linking. In particular, after sterilization, the sharp decrease in 

elongation at break and the increase in Young's modulus due to a cross linking of the 

system is noted. The sharp decrease in elongation at break is particularly very 

detrimental for the targeted application. Sterilization which has less impact on the 

properties will therefore be preferred. 

Hydrolytic degradation of copolymers: 

Before being removed from the body, the biomaterial must retain the mechanical 

properties of the knee while allowing sufficient decolonization and cell maturation to 

allow the creation of a resistant mature neoligament. A study of the degradation of 

copolymers 94P200 and 94P100 was carried out in vitro using a pH 7.4 phosphate 

buffers at 37 ° C. The variation of the molar masses of the copolymers was studied by 

comparison with those which they presented before degradation. It is thus observed that 

the longer the PLA chains, the slower the degradation. Indeed, for the copolymers 

94P100 and 94T100, the molar mass decreases by 40% against 22% for 94P200 and 

94T200 which have long chains of PLA. For the 94P100 and 94T100 copolymers, the 

mechanical properties can no longer be measured after seven weeks of degradation 

because they are too degraded and the objects to be analyzed have become brittle. This 

loss of mechanical properties within this seven week period renders these copolymers 
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unsuitable for application. For the 94P200 and 94T200, the main mechanical 

consequences lie in the elongation at break which passes in two weeks from 600% to 

100% for the 94P200, and from 760% to 20% for the 94T200. Note that it varies only 

very little for PLA94 homopolymer, proof of the importance of hydrophilicity on the 

rate of degradation [18]. 

 

 Unsterilized Sterilize

d b 

Sterilized a  

Stress at break (MPa) 

94P200 556 ± 51 453 ± 100 868 ± 28 

94T200 456 ± 25,5 440 ± 49,1                657±124 

LCA 51-151   

 

94P200 19,0 ± 2,6 14 ± 3,0 16,4 ± 

6,8 

94T200 21,0 ± 2,5 20,8 ± 4,8 17,9 ± 

6,5 

LCA 19-39   

Elongation at break (%) 

94P200 601 ± 41 545 ± 200 10,3 ± 

1,9 

94T200 761 ± 56 965 ± 150 12,3 ± 

6,0 

LCA 20-37   

Table II. Variation of the mechanical properties according to the mode of sterilization. 

ACL: anterior cruciate ligament of the knee. 
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Figure 3. Optical microscopy illustrations of knits obtained from monofilaments (A, C) 

and from multi-filaments (B, D) of degradable copolymer. 

As the main mechanical and degradation properties of the copolymers are established, 

various shaping steps are required to obtain a finished object. To serve as a tissue 

colonization support, the polymer was shaped so as to obtain a cylindrical and porous 

structure of braid or knit type (Figure 3). Microfilaments were first made by passing 

the molten copolymer through a die followed by drawing to obtain Formatting 

 

As the main mechanical and degradation properties of the copolymers are established, 

various shaping steps are required to obtain a finished object. To serve as a tissue 

colonization support, the polymer was shaped so as to obtain a cylindrical and porous 

structure of braid or knit type (Figure 3). Microfilaments were first made by passing 

the molten copolymer through a die followed by drawing to obtain sections larger or 

smaller (from 0.1 to 1 mm). In general, this operation leads to chain breaks (molar mass 

decrease of the order of 10 to 20%) and an increase in the crystallinity of the material 

which induces a variation of the mechanical properties, in particular of the Young's 

modulus (from about 500 MPa to about 1300 MPa) and tensile strength (from about 20 

MPa to about 120 MPa). 

The microfilaments are then used alone (monofilaments) or associated with 10 

(multifilaments). Mono or multifilaments are knitted using a semi-automatic knitting 

machine to give knits (Figure 3) whose average mesh size varies between 0.65 and 1.3 

mm. As the yarn required for making the fabric is thicker in the multifilament knit, the 
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result is a much denser final textile, interesting in particular for its elastic properties and 

its high resistance to breakage. From this multifilament knit, a three-dimensional 

tubular reinforcement has been made to obtain a structure mimicking that of a native 

anterior cruciate ligament (Figure 4). With a Young's modulus of 67 Mpa, an elastic 

deformation of 27% and a breaking stress of 22 Mpa, the characteristic values of the 

tubular reinforcement are similar to those of the native anterior cruciate ligament (Fig. 

4) [5]. 

Cytocompatibility: 

If the constituents of the copolymers (PLA, Pluronic and Tetronic) are indeed 

cytocompatible, it is however necessary to check that of the synthesized copolymers. 

For this purpose, the viability and proliferation of C3 MSC cells (a mesenchymal stem 

cell line) were studied by culturing on the surface of copolymer disks for seven days 

[19]. No difference in cell viability was observed on the copolymers with respect to the 

homopolymers, or the control on TCPS (tissue culture polystyrene). Cytocompatibility 

was confirmed by a live and dead test presented in Figure 5 with the 94P200. The cells 

proliferate and fully cover the surface of the copolymer (Figure 5A) and virtually no 

dead cells are detected (Figure 5B). These results confirm not only the 

cytocompatibility of the copolymers, but also show that the structure is compatible with 

cell colonization, which is very interesting for the biological applications considered.          

 

 

 

 

 

 

 

Figure 4. Observation by confocal fluorescence microscopy of C3 cells after 10 days of 

culture on a textile matrix and labeling Live / Dead. The living cells are in green (A), 

the dead cells in red (B), the auto-fluorescence of the polymer is presented in blue (C). 
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Conclusion: 

A tubular reinforcement in three dimensions has finally been made. It meets the 

specifications of an artificial ACL, in terms of biocompatibility, mechanical properties, 

rate of degradation and cytocompatibility. 

In general, the biomaterials used to design implantable medical devices must be 

developed in the form of objects or textiles, sterilized and ensure good biocompatibility. 

The design of such products therefore makes use of the cross-functional skills of 

chemists, specialists in polymer synthesis and material properties, biologists and 

physicians. It is therefore the union of these skills that is essential in research strategies 

in the field of implantable medical devices.  

Summary: 

Biodegradable synthetic polymers for the design of implantable medical devices: case 

of ligamentoplasty, the sector of implantable medical devices is a growing sector of 

health products especially dynamic in the field of research. In order to improve the 

management of patients and to meet clinical requirements, researcers are developing 

new types of medical devices. For this purpose, they use different families of 

biomaterials for various types of chemicals and provide a wide range of products and 

services. In this article, we love to show how, starting from a family of biomaterials 

(degradable polymers), it is possible to design an implantable medical device for the 

management of the failure of anterior cruciate ligament. The main steps leading to the 

design of a total ligament reinforcement are detailed in this study. These ranges from 

the synthesis and characterization of degradable polymer to the shaping knitted, through 

the study of the influence of sterilization on mechanical properties and 

cytocompatibility checking. 
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