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(54) Title: ABSORBABLE MATERIAL FOR FIXATION OF TISSUES

| (57) Abstract

This invention describes self-reinforced, absorbable
materials and devices or their parts or components for surgi-
cal fixation of damaged and/or operated tissues, which ma-
terials, devices or their parts or components comprise: (1)
matrix of an absorbable polymer or copolymer or of a po-
lymer mixture, (2) reinforcement elements or structures con-
structed of them which are at least partially embedded in
matrix and which reinforcement elements have the same
chemical element percentual composition as matrix and (3)
coating layer which covers a substantial part of the surface
of the matrix-reinforcement element system and which coat-
ing layer has the same chemical element percentual compo-
sition as matrix (1) and reinforcement elements (2) have.
The materials of this invention have better mechanical
strength properties than the known absorbable materials
have. Therefore the materials of this invention can be appli-
ed widely in surgical treatment to fixation of tissues or parts
of them.

SELF-REINFORCED COATED STRUCTURE

C = coating layer
M = matrix
? = reinforcement elements
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ABSORBABLE MATERIAL FOR FIXATION OF TISSUES

This invention relates to synthetic, polymer-based surgi-
cal materials, which are absorbable (resorbable) in
tissue conditions without causing harmful tissue reac-

tions.

The manufacturing of sutures and osteosynthesis devices
about absorbable polymers is known about several patents.
The manufacturing of absorbable sutures and surgical

elements of polyglycolide (PGA)

i
(—0-CH,=C=)

has been described in U.S. Pat. No. 3 297 033 and U.S.
Pat. No. 3 739 773.

Sutures manufactured of polylactide (PLA)

L1
(~0-C=C-)
CH

n
3

are described in U.S. Pat. No. 2 703 316.

Sutures manufactured of glycolide/lactide copolymers

(PGA/PLA)

i f 0
-C—)n(—0-$—C—)
CH

(-—O—CH2 m

3

(where n and m are integers > 1) are described in U.S.
Pat. No. 3 839 297.

Sutures and osteosynthesis devices which are manufactured

of poly-8-hydroxybutyric acid (PHB)
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P
(—O-(l.'I-CHz-C—)n
CH3

are described in G.B. Pat. No. 1 034 123.

Sutures and osteosynthesis devices which are manufac-

tured of polydioxanone (PDS)

I
(~0-CH,=CH,=0~CH,~C=)

are described in U.S. Pat. No. 4 052 988.

5 Absorbable surgical devices which are manufactured

about polyesteramides (PER)

0
l

H [l H
(—O0-CH -C-NH-R1-NH-C—CHz-O-C-RZ-C—)n

2

are described in U.S. Pat. No. 4 343 931.

Absorbable surgical devices of the above inventions
are typically plates which are fixed to bone by screws,

10 cylindrical medullary nails or corresponding structures
which are manufactured by melting absorbable polymer
and by molding or pressing the melt into a suitable
form. The mechanical strengths of such samples, which
are manufactured by melt processing techniques, have

15 typically the same order of magnitude as those of other
similar synthetic polymers. Accordingly the tensile
strengths of dry, unhydrolyzed samples manufactured
about PGA, PLA, PHB and PGA/PLA have typically the
order of magnitude of 40-80 MPa (see e.g. Kulkarni,

20 R.K., Moore, E.G., Hegyeli, A.F. and Fred, L., J. Biomed.
Mater. Res., 1971, 5, 169, Vert, M., Chabot, F. and
Leray, J., Makromol. Chem. Suppl., 1981, 5, 30, Christel,
P., Chabot, F., Leray, J.L., Morin, C. and Vert, M.,
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in Biomaterials (Eds. G.D. Winter, D.F. Gibbons and
H. Plenk, Jr.), Wiley (1980), p. 271, Tunc, D.C., Trans-
actions of 9th Annual Meeting of the Society for Bio-

materials, Birmingham, USA, 1983, p. 47, Howells, E.R.,
Chem. Ind., 1982, 7, 509).

The tensile strengths given above are modest if compared
with tensile strengths of compact bone (ca. 80-200 MPa).
Therefore the modest mechanical properties of the above

materials have limited greatly their applications in

surgical practice.

The initial mechanical strength of surgical absorbable
osteosynthesis materials has been tried to improve by
applying in absorbable polymeric matrix as reinforce~
ment elements absorbable fibers with higher melting
point than that of matrix itself e.g. polylactide matrix
reinforced with polyglycolide fibers (in U.S. Pat. No.

4 279 249). Also biostable carbon fibers have been used
as reinforcement elements. When the chemical element
composition of reinforcement elements differs from

that of matrix material the materials cannot form, as

a rule, good adhesion between each others. Additionally,
one consequence of the chemical differences of matrix
polymer and reinforcement fibers is their different
absorption rates in tissue conditions. On the other hand,
when carbon fiber reinforcement is applied, carbon

fiber remnant is left in tissues after the absorption

of the matrix polymer.

Finnish patent application FI 851828 describes an osteo-
synthesis device or its component, which is self-rein-
forced, it means, it consists at least of the matrix

of absorbable polymer or copolymer, which is reinforced
with absorbable fibers or corresponding reinforcement
elements which have the corresponding chemical element

composition to that of the matrix.
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The absorbable polymeric materials of the above inven-
tion are effectively self-reinforced, which gives mate-
rials with high initial mechanical strength and with
pronounced chemical structure, which materials can be
applied as surgical absorbable osteosynthesis devices
or as their components like e.g. as osteosynthesis
plates with screw fixation, as fixation screws or as

stiff plates or bars.

Self-reinforecement means that the matrix polymer has
been reinforced with fibers, £ilm fibers, rods or cor-
responding reinforcement elements which have high ten-
sile and/or shear strength or reinforcement is done

with structures like threads, braids, bands, woven
fabrics, non-woven fabrics etc. which are constructed

of the above mentioned elements, in such a way that

the matrix polymer and the reinforcement elements have
the same chemical element percentual composition. 1In
such a case it is possible to apply effectively the

high initial strength of reinforcement elements like
fibers (typically 500-2000 MPa) in manufacturing of
macroscopical samples. When the fibers are bound together
with a melt of polymer, copolymer or polymer mixture
(matrix polymer) which has the same chemical composition
as the fibers, the composite structure is achieved which
has an excellent adhesion between the matrix and the
reinforcement fibers and which therefore has also good
mechanical properties. ' '

Because the reinforcement elements of self-reinforced
material contribute significantly to the strength of
the material, decreases the strength of the whole ma-
terial immediately after the decrease of the strength
of the reinforcement elements. Self-reinforced materials
are manufactured by transforming the material component,
which acts as a matrix, by means of heat and/or pressure
to such a physical state, which makes possible the deve-

lopment of adhesion between reinforcement elements and
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matrix. In practice this can be done in molds

or dies, where the material is handled. When the
matrix material is in a state of relatively small vis-
cosity (in a flowing state) during pressing of the

5 material, the matrix material flows from the surfaces
of reinforcement elements which are in contact with
the walls of the mold and therefore the reinforcement
elements remain in a contact with the wall of the mold.
On the other hand, when the matrix material is during

10 molding process in a state of very high viscosity the
effective wetting of all surfaces of reinforcement
elements may encounter considerable difficulties. As
a consequence of the above mentioned difficulties part of
the surfaces of the reinforcement elements is typically bare

15 on the surface of the sample after it has been removed
from the mold. This fenomenon is well-known also more
generally in manufacturing of fiber reinforced compo-
sites. Accordingly it is not possitie in the case of
the conventional self-reinforced materials to eliminate

20 totally the possibility that part of fibers have a direct
contact with the hydrolyzing environment. Additionally
such partially bare fibers form on the surface of the
material unfavorable stress concentrations which decrease
the mechanical strength of the material. Both of the

25 above mentioned factors decrease the initial mechanical
strength and the hydrolysis resistance of the material.
The direct conﬁact of the reinforcement fibers to their
environment has been eliminated in an invention FI Pat.
Appl. 852706, which describes layered osteosynthesis

30 devices or their parts, which have a flexible surface
layer which protects a more stiff core. In an advan-
tageous case the flexible surface layer can act also
as a hydrolysié barrier, which protects the reinforce-
ment elements of the self-reinforced structure. However,

35 it is not possible, as a rule, to establish a good
adhesion between the flexible surface polymer and stiff
self-reinforced core because of their different mecha-

nical states. Such a poor adhesion is seen e.g. as loose~

\
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ning of the surface layer from the core in hydrolytic

conditions.

In this invention we have found unexpectedly that when
the self-reinforced material is coated with a coating

5 layer, which has the same chemical element percentual
composition as the matrix polymer and reinforcement
elements have, we accomplish self-reinforced coated
(layered) materials, which have better initial strength
properties and better retention of mechanical strength

10 in hydrolytic conditions in vivo and in vitro than the
known non-coated self-reinforced materials and/or the
known coated materials with self-reinforced core. This
observation is unexpected and surprising especially
therefore that even the surface layer which is manu-

15 factured of comparatively rapidly absorbable material
(like of polyglycolic acid) which is fixed on the surface
of self-reinforced core with the same chemical composi-
tion, causes for the material better strength and/or
strength retention in hydrolytic conditions than the

20 surface layer that degrades more slowly than the core
but which has a chemical composition that differs from
that of the core (e.g. polydioxanone layer on the surface
of self-reinforced polyglycolic acid). The materials
of this invention can be applied to manufacture surgical

25 fixation devices which have better sttength and strength
retention in hydrolytic conditions and which therefore
are also more secure for patients than the earlier

known self-reinforced devices and materials.

When the self-reinforced material structure is covered

30 with a surface layer, which has the same chemical element
percentual composition as the self-reinforced core,
an excellent adhesion is created between the surface
layer and the core. In such a case the positive effect
of the coating upon the strength properties of the

35 material is at its best. A compact, homogeneous surface

layer contributes to the mechanical properties of the
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material in several ways. At first the coating covers
the pare parts of reinforcement elements and eliminates
in this way from the surface of the self-reinforced
structure the stress concentrations which could decrease
the mechanical strength of the material. Secondly the
coating slackens the diffusion of water and dissolved
material into the self-reinforced structure by improving
in this way the hydrolysis resistance of the material.
Further, the materials of this invention have excellent
adhesion between coating and self-reinforced core.
Therefore the coating does not loosen in hydrolytic
conditions like such coatings as a rule loosen which
have a poor adhesion to the core as a consequence of
different chemical element percentual composition.

The materials of this invention can be applied to manu-
facture different absorbable fixation devices or their
parts or components to different surgical purposes for
fixation of different tissues or parts of tissues to
each others by techniques of internal fixation or ex-
ternal fixation. Such typical devices of this invention
are e.g. rods, plates, screws, nails, intramedullary
nails, clamps, cramps etc., which can be applied in
internal and/or external fixation of bone fractures,
osteotomies, arthrodesis, joint damages and/or of carti-
lage tissue. Further we can mention staples, clamps,
plates, cramps and corresponding devices, which can be
applied in fixation of damaged and/or operated soft
tissues, fasciae, organs etc. to each other. Further

we can mention cords, ribbons and corresponding, which
can be applied to support damaged or operated tendons
and ligaments. Further such devices are plates, chutes
and matrices, which can be applied in reconstruction
and augmentation of bone and cartilage tissue, further
also different tube-like or ring-like devices, which
can be applied in joining blood vessels, nerves etc.
oblong tissues to each other. Further the materials

of this invention can be applied as combined with dif-
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ferent ceramic materials to biocomposites e.g. by re-
placing the self-reinforced components of biocomposites
of the invention FI Pat. Appl. 864457 with materials

of this invention. It is also possible to manufacture
self-reinforced layered materials and devices to dif-
ferent applications from different absorbable polymers,
copolymers and polymer mixtures. In Table 1are given
some absorbable polymers which can be applied in manu-

facturing of the materials and devices of this invention.

It is natural that also other absorbable polymers than
those been given in Table 1 can be applied in manufac-

turing of materials of this invention.

Figure 1 shows schematically the structure of a typical

material of this invention.

Self-reinforced, coated materials of this invention

can be manufactured e.g. by making first the self-rein-
forced core e.g. by some method given in the invention

FI Pat. Appl. 851828 and by coating the self-reinforced
core with a melt of the same polymer or with a solution

of the same polymer and by evaporating the solvent.

It is self-evident that the self-reinforced coated
material can contain in addition to the above mentioned
components also different additives, like colours,
ceramic powders, antibiotics, enzymes, proteins etc.
additives, which can give to the material special func-
tional advantages or which can change the processing

or the properties of the material.

The following non-limiting examples illustrate the

present invention.

EXAMPLE 1.

R

Polyglvcolic acid sutures (Dexon , size 2 USP) were
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Table 1. 2bsorbable polymers

Polwmor
Polwrlycolide (PGA)

Copa.vmers of glycolide:
Glycwiide/L-lactide copolymers (PGA/PLLA)
Glvcolide/trimethylene carbonate copolymers (PGA/TMC)

Polsiactides (PLA)

Stersocopolymers of PLA:
Polv-L-lactide (PLLA)
Polw-DL=-lactide (PDLLA)
L-lactide/DL-lactide copolymers

Copolymers of PLA:
Lactide/tetramethylglycolide copolymers
Lactide/trimethylene carbonate copolymers
Lactide/§~-valerolactone copolymers
Lactide/e-caprolactone copolymers

Pol-depsipeptides

PLA/polyethylene oxide copolymers

Unsy mmetrically 3,6-substituted poly-1,4-dioxane-2,5-

dicones

Polv-f-hydroxybutyrate (PHBA)
PHB:/B-hydroxyvalerate copolymers (PHBA/HVA)

Poly-8-hydroxypropionate (PHPA)
Poly-p-dioxanone (PDS)
Poly-§-valerolactone
Poly-e~-caprolactone
Methylmethacrylate-N-vinyl pyrrolidone copolymers
Polyesteramides

Polyesters of oxalic acid
Polydihydropyrans
Polyalkyl-2-cyanoacrylates
Polyurethanes (PU)
Polyvinylalcohol (PVA)
Polypeptides

Poly-R-malic acid (PMLA)
Poly-B8-alkanoic acids

Reference: P. T6rmdld, S. Vainionpdd and P. Rokkanen in
IVA's Beijer Symposium "Biomaterials and Bidcompatibility",

Stockholm, Sweden, August 25-26, 1987.
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heated in a pressurized cylindrical mold (the length

50 mm, diameter @ 3.2 mm) at the temperature of 218°¢

in a nitrogen atmosphere 5 min with a pressure of 2000
bar. The softened fiber material was sintered partially
together. The mold was cooled to room temperature ra-=
pidly. The bending strength of self-reinforced absorb-
able composite rods which were manufactured with the
above method (specimen series 1) was 340 MPa. Corres-
ponding self-reinforced, coated rods were manufactured
by coating self-reinforced cores in a heated, evacuated,
cylindrical mold (the length 50 mm, ¢ 3.4 mm) with a
melt of polyglycolic acid (Mw = 140.000) and by cooling
rapidly the mold. These self-reinforced, coated, ab-
sorbable composite rods (specimen series 2) had a bending
strength of 380 MPa.

To a reference material were selected self-reinforced
rods of specimen series 1 which were coated with poly-
dioxanone (PDS) melt (MW = 20.000) in a heated, eva-
vuated, cylindrical mold (the length 50 mm, ¢ 3.4 mm)
and by cooling rapidly the mold. The PDS coated rods
(specimen series 3) had the bending strength of 360 MPa.

The hydrolysis behaviour of the above mentioned rods

was studied in wvitro and in vivo.
In vitro

The rods were hydrolyzed in distilled water at 37%
3 weeks and their bending strengths were measured.
The following bending strength values were obtained
(mean values of 5 measurements):

Specimen series 1: 200 MPa
Specimen series 2: 300 MPa

Specimen series 3: 230 MPa

The PDS coating of some rods of specimen series 3 had
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11

loosened at some spots which was seen as bubble-like

formations on the surface of the rods.

In vivo

Rods were implanted subcutaneously into the backs of
rabbits for 3 weeks. The methods and technigues of
5 implantation and removal operations of rods were those
given in the publication S. Vainionpd&: Thesis, Hel-
sinki University, Helsinki, Finland, 1987. After re-
moval the implanted rods were stored immediately in
a physiological saline solution and their bending strengths
10 were measured during the same day. The following values
were obtained for bending strengths (mean values of

5 measurements):

Specimen series 1: 110 MPa
Specimen series 2: 150 MPa
15 Speéimen series 3: 110 MPa.

The PDS -coating of rods of specimen series 3 was clearly

loosened from the self-reinforced core.

The above mentioned in vitro and in vivo hydrolysis

studies showed that the materials of this invention
20 (specimen series 2) have clearly better strength and

hydrolysis resistance than the corresponding earlier

known materials.
EXAMPLE 2.

gelf-reinforced rods of specimen series 1 of Example 1
were coated in a heated, evacuated, cylindrical mold

25 (the length 50 mm, ¢ 3.4 mm) with a melt of polyglycolic
acid (Mw = 250.000) and by ccoling rapidly the mold.
The rods were hydrolyzed in distilled water at 37°%¢
3 weeks and their bending strengths were measured. These
self-reinforced, coated PGA rods with a high molecular

30 weight coating showed 6 % hicher bending strength than
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the rods of specimen series 2 of Example 1.

EXAMPLE 3.

Self-reinforced rods of specimen series 1 of Example 1
were heated in a pressurized, evacuated, cylindrical
mold (the lengt 50 mm, @ 3.2 mm) at a temperature about
225°: for 30 seconds and the mold was cooled rapidly

to room temperature. This treatment formed a thin skin-
like, nonfibrous coating on the surface of the rods.

The rods were hydrolyzed in distilled water at 37°%

3 weeks and their bending strengths were measured. These
self-reinforced, coated PGA rods showed the bending
strength of 230 MPa (the mean value of 35 measurements) .

EXAMPLE 4.

Fibers were manufactured by a melt spinning process of

a polymer mixture comprising 50 % poly-L-lactide (PLLA,
M= 250.000) and 50 % poly-D-lactide (PDLA, Mw = 250.000)
(2 polymer mixture described in a Japanese Pat. Appl.
61-36321) . The manufactured fibers had following pro-
perties: melting point 232°%, fiber diameter 40 um and
tensile strength 440 MPa.

The above fibers were applieé in manufacturing of absorb-
able reinforced, coated composite rods in the following
way. First the fibers were melt-coated with a thin sur-
face layer of absorbable polymer by drawing the fibers
through the melt of an absorbable polymer in such a way
that the weight ratio of fibers to the coating was 60/40.
The following coatings were used: (1) PLLA (Mw 250.000),
(2) PDLLA (Mw 100.000), (3) a mixture of PLLA (Mw 250.000)
and PLLA (Mw 100.000) in a ratio of 1:1, (4) PGA (Mw
40.000) . The coated fiber samples were compression molded
to rods (samples 1-4) with the length 50 mm and ¢ 3.2 mm
at temperatures 180°c - 278°C in the first mold of

Example 1. Additionally the rods were coated with a



WO 89/00431

10

15

20

25

30

PCT/FI88/00108

-

13

0.1 mm thick layer of the melt of the coating polymer
by the method given in Example 1. The bending strengths
of the rods were following (the values for non-coated
cores are given in parentheses): (1) 300 (260), (2) 240
(220), (3) 285 (250) and (4) 240 (225). The numbers

(1) - (4) refer to the coated raw-material fibers.

EXAMPLE 5.

The self-reinforced, coated roés of specimen series 2

of Example 1 were cut from both ends by a dentists dia-
mond saw by sawing a 2 mm long piece away from both ends
of the rod. This exposed the core material of rods from
its both ends. The cut rods, and non-cut rods (of specimen
series 2) as a reference, were hydrolyzed in distilled
water at 37°Cc 3 weeks and the bending strengths of rods
were measured. The cut rods showed equal bending strengths
(ca. 300 MPa) with the non-cut rods. The shear strengths
of coated, cut and non-cut rods (specimen series 2 of
Example 1) were also measured after 3 weeks hydrolysis
from different parts of the rods. The non-cut rods showed
a mean shear strength of 21010 MPa when measured at

3, 10, 20, 30 and 40 mm distance from the other end of
the rod. The cut rods showed the same shear strength

when it was measured at a distance which was 4 mm or

more from the cut ends of the rod. The shear strength

of the ends of the cut rods at a distance of 4 mm or

less from the end was after hydrolysis lower (< 16020
MPa) than the shear strength in the middle region of

rods (ca. 210 MPa). This showed that the removal of
coating from the ends of the rods increased somewhat

the diffusion rate of water into the structure of rod.
However, the cut, partially coated rods were of their
shear strength and bending strength superior to corres-
ponding non-coated rods (rods of specimen series 1 of
Example 1) which after 3 weeks hvdrolysis showed bending

strength 200 MPa and shear strength 130:20 MPa.
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The studies of this example showed that even partial
coating of the surface of self-reinforced material
improves the strength retention of the material in hyd-

rolytic conditions.
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CLAIMS

1. Self-reinforced, absorbable materials and devices
or their parts or components for surgical fixation of
damaged and/or operated tissues, which materials,
devices or their parts or components comprise:

5 (1) matrix of an absorbable polymer or copolymer or of

a polymer mixture,
(2) reinforcement elements or structures constructed
of them which are at least partially embedded in
matrix and which reinforcement elements have the
10 same chemical element percentual composition as
matrix has and
(3) a coating layer which covers a substantial part of
the surface of the matrix-reinforcement element
system and which coating layer has the same chemical element
15 percentual composition as matrix (1) and reinforce-

ment elements (2) have.

2. The use of self-reinforced, coated materials, devices
or their parts or components of Claim 1 in fixation or
treatment of damaged and/or operated tissues by a sur-

20 gical operation.
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SELF-REINFORCED COATED STRUCTURE

FIG. 1

C = coating layer
M = matrix
F = reinforcement elements ‘ AN
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