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This invention relates to collagen fibrils, and more par-
ticularly, to methods for the manufacture of strand-like
materials such as absorbable sutures and ligatures from
animal tendons.

For the sake of clarity, the terms used herein are de-
fined as follows:

The term “swollen collagen fibril,” as used herein,
means a thread-like collagen structure that has been
swollen in acid solution to a diameter of about 5,000 to
about 90,000 Angstrom units.

The term “ribbon,” as used herein, means a long, thin,
flat strip of oriented collagen fibrils.

The term “strand,” as used herein, means one or more
ribbons that have been twisted together and united to
form a unitary structure of circular cross-section.

Practically the entire production of absorbable sutures
and ligatures is currently made from sheep or beef gut by
a process that is both time consuming and expensive, but
the current method of manufacture is not adapted to pro-
duce a uniform product. The percent of production that
is rejected, therefore, for some defect such as lack of ten-
sile strength and lack of uniformity, is large. The start-
ing material, e.g., sheep intestines is available only in
limited quantities and one can not predetermine the size
of the finished product.

There are also inherent defects in the best obtainable
sutures made from gut. The individual sutures may vary
widely in cross-section and the length of such a suture is
limited by the length of the intestinal material processed.
Furthermore, a gut suture will become briitle and de-
crease in flexibility and strength on aging if fats and other
contaminants are not completely eliminated during proc-
essing.

In view of the obvious deficiencies of surgical catgut
and the disadvantages of the present method of manufac-
ture, many attempts have been made to make a better
product from other sources of collagen. Collagen is pres-
ent in all connective tissue and may be conveniently ob-
tained from hides and tendons.

It is an object of the invention to extrude a satisfactory
suture material.

It is another object of the present invention to extrude
a pure and homogenedus dispersion of unprecipitated col-
lagen fibrils into a dehydrating bath to produce a ribbon
which may be twisted to form a continuous sirand having
unusual physical properties.

It is also an object of this invention to produce shaped
articles of collagen suitable for surgical use by continu-
ously extruding a dispersion of unprecipitated collagen
fibrils into a dehydrating bath.

It is a further object of this invention to produce a
continuous unitary strand from ribbons of oriented col-
lagen fibrils having characteristics superior to surgical
sutures derived from gut.

Yet another object of this invention is to prepare ab-
sorbable surgical sutures from connective tissue, such as
mammalian tendon.

It is also an object of this invention to produce ssterile
surgical sutures of exceptional strength.

The objects of this invention may be realized by extrud-
ing a homogeneous dispersion of pure swollen collagen
fibrils into a dehydrating bath to form a ribbon, film or
tube that can be cut to form ribbons. The ribbon may
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be further processed, for example, by wetting out, wash-
ing, tanning, twisting, stretching and bonding in proper
sequence to obtain a strand of uniform diameter and phys-
ical properties. In the practice of the present invention,
therefore, a dispersion of swollen collagen fibrils is ex-
truded to form a continuous film or ribbon in which the
individual collagen fibrils are oriented parallel to the di-
rection of extrusion. The ribbon is then further processed
to form a rounded strand of uniform cross-section.

The basic raw material entering into the manufacture
of extruded collagen sutures by the present process con-
sists of a dispersion of swollen collagen fibrils which may
originate in different animal species or in different tissues
within a single species. These collagen fibrils are charac-
terized by having a uniform diameter, a periodic cross-
banding measuring about 640 angstroms per unit and the
ability to swell reversibly in agueous acid solution. Col-
lagen fibrils from beef leg tendon are preferred for the
present process.

It is imporiant in preparing a dispersion of swollen
collagen fibrils suitable for extrusion that the removal
of impurities naturally present in mammalian tendon,
and the separation of the collagen fibrils to form a homo-
geneous dispersion, be effected under conditions that avoid
solution or degradation of the collagen. The tensile
strength of the extruded product is dependent upon retain-
ing the original collagen fibril structure.

In the extrusion process, the homogeneous dispersion
of swollen collagen fibrils is extruded into a ketone dehy-
drating bath through a slit or annular opening which
orients the individual collagen fibrils in a direction paral-
lel to the surface of the extruded film. It has been postu-
lated that the ultimate sirength of a collagen ribbon is
related to the lateral bonds between coliagen fibrils. Thus,
a parallel alignment of the individual fibrils will provide
a maximum number of lateral bonds, and the maximum
tensile strength.

The extruded film is stretched to further orient the col-
lagen fibrils and may be collected directly when dry on a
take-up spool or further processed by contact with liquids.
The film or ribbon is stored as such and may be processed
at any future time to form a rounded strand. The size
of the ribbon used, and the number of ribbons that are
twisted together, will determine the diameter of the final
strand. Thus, the present process is convenient for manu-
facturing sutures of different sizes, and particularly large
size sutures.

The invention will appear more clearly from the fol-
lowing detailed description when taken in connection with
the drawing which is a schematic view of a machine that
may be used in the manufacture of a continuous collagen
ribbon by extrusion.

The raw material for the articles of this invention is
the collagen fibril which may be obtained from mammal-
ian tendon. Whales are a large source of collagen and
whale tendon collagen is a satisfactory starting material.
Pork, sheep and beef tendon are also satisfactory. The
best results to date have been obtained by using the Deep
Flexor tendon of cattle,

The swelling solution may be an aqueous solution con-
taining about 0.2% to about 1.0% of cyanoacetic acid.
The preferred pH of the swelling solution is 2-3.

The collagen dispersion may be extruded either verti-
cally or horizontally. For the purpose of our description,
however, the extrusion process will be described with
reference to the horizontal extrusion machine illustrated
in the drawing,

The machine to be described has been designed for the
continuous extrusion of a ribbon from an aqueous dis-
persion containing about 1 percent of pure swollen col-
lagen fibrils. The dehydrated ribbon is about 2.5 mils in
thickness and about 500 mils wide but it will be under-
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stood that modifications to produce ribbons of different
sizes are well within the scope of this invention. An
alternate process is to extrude the dispersion of collagen
fibrils through an annular orifice to form a tube which may
be cut lengthwise into ribbons.

It will be noted that the collagen dispersion is forged
through a narrow slit into a recirculating dehydrating
bath. The ribbon is pulled upward out of the bath by
nip rollers 181 and 182 and is stretched between the nip
rollers 261 and 162 and the nip rollers 183 and 1¢4. Pro-
vision is made to continuously treat the moving ribbon
with a liquid after it leaves rollers 161 and 182. The nip
rollers 185 and 106 impart additional stretch and orienta-
tion to the ribbon.

Referring now to the drawing, the dehydrating bath
enters the container 122 from one end and below the
extrusion orifice and flows through the container 122
cocurrent with the extruded collagen 123. The circula-
tion rate of the dehydrating bath is generally about 850
cubic centimeters per minute, but may be increased to
more than 1200 cubic centimeters per minute. A circu-
lation rate of about 850 cubic centimeters per minute
provides a rapid change of the bath and the flow helps
to carry the freshly extruded ribbon away from the ex-
trusion opening. A circulation rate as low as 50 cubic
centimeters per minute, however, will provide a satisfac-
tory change of the spin bath. Circulation rates above
about 1200 cubic centimeters per minute may cause the
extruded ribbon to break.

The extrusion orifice 124 is a slit about Y2 inch wide
and 25 mils in cross-section in a brass plate about 1¥4
inches in diameter and %4 inch in thickness. Such an
extrusion orifice produces a dehydrated ribbon about 214
mils in thickness and about 50 mils wide. A larger ex-
trusion orifice (about 1 inch wide and 45 mils in cross-
section) produces a ribbon about 100 mils x 414 mils that
may be twisted to obtain a size 2/0 suture.

The extruded collagen is transported by the driven nip
rollers 181 and 162, £03 and 104, and 165 and 106. The
lower rollers 161, 163 and 185 are preferably nylon and
the upper rollers 1¢2, 184 and 106 are constructed of hard
rubber. FEach pair of nip rollers is geared together so
that the upper and lower rollers rotate at the same speed.

‘When spinning at the rate of about 2.97 cubic centi-
meters of 1 percent collagen dispersion per minute, nip
rollers 181 and 162 are driven at a speed of about 10
r.p.m. At 10 r.p.m., the linear rate of spinning is about
39 inches per minutes Nip rollers 143 and 164 are driven
at 14 r.p.m. and since all of the nip rollers are of the
same size (about 1 inch diameter) produce a 40 percent
stretch in the ribbon between rollers 1831 and 162 and
rollers 103 and 164, The amount of stretch at this stage
may be increased or decreased as desired by varying the
relationship between the speeds of the driven rollers 181
and 103. The stretching between rollers 161 and 192
and rollers 103 and 184 provides orientation of the dry-
ing ribbon and improves the tensile strength.

Extrusion conditions may, for example, be controlled
so that roller 181 is operated at 10 r.p.m., roller 163 is
rotated at 14 r.p.m., and roller 1¢5 at 15 r.p.m. Under
these conditions, one would obtain, in addition to the
40 percent stretch between rollers 101 and 102 and roli-
ers 163 and 184, another 10 percent stretch between roll-
ers 103 and 104 and rollers 105 and 186. The overall
stretch may be varied from about 20 percent to 50 per-
cent, and at the present time, the upper limit of stretch
appears to be about 58 percent.

The moving ribbon may be continuously washed and/
or tanned in the containers 167 and 188, or a two-step
tanning procedure may be used by treating the ribbon as it
leaves roller 101 and again as it leaves roller 1$3. The
drawing illustrates a method of contacting a continuously
moeving ribbon with a wash solution in container 107.
The wetted out ribbon returns from a freely rotating
idler roll 132 and contacts the tanning bath 169 in a sec-
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ond stage. In its wet condition, the tanned ribbon is
stretched an additional 10 percent by the more rapidly
rotating nip rollers 195 and 166.

A suitable tanning bath 109 may be made up by adding
4 milliliters of 40 percent aqueous formaldehyde and 1
gram of aluminum ammonium sulfate to 1 liter of water.
The aluminum ammonia sulfate acts as a buffer and pro-
vides a pH of about 4.2. Two liters of this tanning bath
solution will tan approximately :1000 feet of ribbon.

It will be realized of course that, although a horizontal
extrusion process has been described above, the same prin-
ciples may be applied with slight modification to vertically
downward or vertically upward extrusion.

The extrusion of a dispersion of swollen collagen fibrils
to produce a unitary strand of outstanding properties will
be illustrated by the following examples. Throughout
the specification, all quantities are expressed in parts by
weight unless otherwise indicated.

EXAMPLE I
Preparation of a Collagen Dispersion

The deep flexor tendon of cattle is cleaned of fat, non-
collagenous protein, and other extraneous matter, and is
sliced on an electric meat-slicing machine (rotary knife)
in the frozen condition. The tendon sections are sliced
perpendicularly to their longitudinal axis to a thickness
of about 15-25 mils.

The sliced tendon is next treated with an enzyme solu-
tion to dissolve elastin. The enzyme solution is prepared
by agitating 40 parts of malt diastase with 400 parts of
water for 10 minutes. The homogeneous dispersion is
centrifuged at 2000 r.p.m. for 20 minutes, and the clear
aqueous solution from the centrifuging step is vacuum
filtered through a “Celite” mat. “Celite” is an inert
analytical filtering aid manufactured by the Johns-Man-
ville Company. The filtrate, which is usually slightly
acid, is adjusted to pH 7 with a few drops of dilute sodium
hydroxide. Distilled water is then added to the neutral
enzyme solution to bring the total volume up to 1200
parts. Four hundred parts of the sliced tendon is im-
mersed in this solution, which is then covered with a layer
cf toluene to prevent mold growth., This tendon-enzyme
mixture is incubated at 37.5° C., overnight (15-20 hours).

After incubation, the tendon slices are washed 3 or
4 times by decantation with distilled water and then
treated with 1000 parts of water containing 4 grams of
“Versene” (ethylene diamine tetrasodium tetraacetate).
The tendon “Versene” mixture is incubated for approxi-
mately 2 hours at 37.5° C., to remove soluble proteins and
lipids. Following this “Versene” treatment, the pH should
again be adjusted to 7 if necessary as the tendon slices
are easier to handle (less swelling and hydration) in
a neutral solution. The tendon slices are again washed
by decantation with 5 to 6 changes of distilled water.

The sweiling solution is 50% aqueous methanol con-
taining about 0.35%, based on the total solvent weight,
of perfluorobutyric acid. In general, the collagen dis-
persion is easy to process at about 1% solids concentra-
tion and the amount of acid-swelling sclution may be
readily calculated from the weight and solids content of
the tendon used. The acid solution is prepared by mixing
6000 parts of methanol with 3987 parts of distilled water.
To this aqueous methanol mixture is added 42 parts of
perfluorobutyric acid.

The acid aqueous methanol solution is cooled to below
25° C., and is added to a dispersion kettle of sufficient
capacity and the processed collagen slices are added to
the dispersion kettle while rotating the stirrer at about
60 rp.m. It is important that the remaining steps in
the process be carried out at temperatures below 25° C,,
and that the temperature of the collagen dispersions not
be allowed to exceed this temperature.

Stirring is continued for 3 hours, during which time the
individual collagen slices are swollen. The dispersion is
then homogenized by repeated passes through a stainless
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steel rotary metering pump and stainless steel series-con-
nected jets having orifices of 30 mils and 40 mils.

The dispersion of Example I may be dehydrated under
mild conditions to recover highly purified collagen. The
dispersion may be extruded as described in Example II
to form collagen ribbons.

EXAMPLE II
Spinning the Collagen Dispersion

The collagen dispersion described above is. deaerated
under vacuum for 4 hours, aged for 31 hours at 25° C,,
and 16 hours at 5° C,, and is then extruded in the hori-
zontal extrusion machine illustrated in the drawing, into
an acetone-ammonia dehydrating bath continuously cir-
culated through the container 122 at the rate of about 900
miililiters per minute. During this run, the ammonia
content of the dehydrating bath is maintained at 138
milligrams per liter and the water content is 53 grams
per liter.

The speed of the nip rollers 181 and 182, 163 and 104,
and 383 and 196, is maintained at 10.0, 13.5 and 14 r.p.m.,
respectively. The ribbon is continuously washed in tank
107 and tanned in the bath 189 which is on agueous
sclution containing 4 miilliliters of 40% aqueous form-
aldehyde and 1 gram of aluminum ammonium sulfate
per liter. The relative humidity is maintained at 26%
throughout the extrusion. The blowers 133 and 134
are operated in a manner such that the tension at the
take-up spool is about 175-180 grams. A plurality of
the ribbons so obtained may be wet out, twisted together
and permitted to dry under tension to form a suture.

If the sutare so prepared is placed in a Waring blendor
with an excess of dilute agueous acid solution and agitated
viclently, the suture will revert to a dispersion of swollen
collagen fibrils having the shape and form thai existed
in the original collagen dispersion prior to extrusion.

EXAMPLE III

A length of the dried and tamned ribbon described in
Example IT above (about 2.5 mils by 50 mils) is immersed
in an aqueous solution containing 10 grams of dextran
sulfate per liter for 1 to 3 minutes. - Other polysaccharides
may be used as a bonding agent alone or in combination
with dextran sulfate.

The wetted-out ribbon is twisted wunder tension
(about 5 twists per linear inch) and is permitted
to dry at room temperature under a tension of about
0.3 to 0.5 pound. The relative humidity during this
drying step is maintained at about 50%. Under these
conditions, the twisted ribbon stretches to a length about
10% greater than the original length of the dried ribbon.
When the twisted ribbon has dried thoroughly (about 15
hours), the cord may be polished in a centerless grinder
to a diameter of about 6.5 mils (size 5/0).

The size 2/0 suture (diameter about 15 mils) may
be conveniently prepared by twisting together five of
the ribbons (2.5 mils x 50 mils) that have been wetted
out with dextran sulfate solution as described above. The
tension applied to the twisted ribbon (about 4 twists per
linear inch) during drying is about 2.5 pounds.

Plasticizing agents such as diethylene glycol, cross-
linking agents such as the acetal condensation product de-
scribed in Patent No. 2,786,081, and tanning agents such
as chromium compounds may be added to the ribbon
treatment bath prior to the twisting process.

The dried strand, after polishing in a centerless grinder
are round and flexible and the tensile strength character-
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istics exceed the requirement set out in the Pharmacopoeia
of the United States, vol. XV, page 708.

- BXAMPLE IV

Random samples are cut from different sections of the
continuous strand prepared from a single ribbon and
polished to size 5/0 as described in Example III above.
BEach sample is 5 feet in length. 'These samples are pack-
aged in “Kel-F” tubes (tubes of trifluorochloroethylene
polymer) containing 90% isopropyl alcohol and 10%
by volume water and the samples sterilized by electron
beam irradiation (3% 106 rads). The rad is a unit of
measurement of absorbed irradiation and is equivalent to
100 ergs per gram. The average dry straight tensile
strength of these random samples is 2.00 pounds. The
average dry knot tensile strength is 1.27 pounds. The
average wet knot tensile strength is 0.95 pound.

By the process described above, one may obtain ab-
sorbable sutures that are superior to sutures prepared
from intestines, both in strength and uniformity. The
sutures of the present invention retain more than half
of their strength (straight tensile) 6 or 7 days after being
implanted in the animal body. The rate of digestion in
the animal tissues is of course dependent upon the degree
of tanning. Chrome tanned strands will retain more than
half of their tensile strength for about 15 days after being
implanted in the animal body.

While the invention has been described in detail ac-
cording to the preferred manner of carrying out the
process and yielding the products, it will be obvious to
those skilled in the art, after understanding the invention,
that changes and modifications may be made therein with-
out departing from the spirit or scope of the invention
and it is intended in the appended claims to cover such
changes and modifications.

The present invention is a continuation-in-part of our
co-pending application Serial No. 800,033, filed March
17, 1959, now abandoned.

What is claimed is:

1. A process for the manufacture of suture material
from animal tendons, which comprises extruding a homo-
gencous dispersion of substantially pure swollen collagen
fibrils through a slit into a flowing, confined acetone-am-
monia dehydrating bath to form a ribbon, and twisting,
stretching and drying said ribbon to form a suture.

2. A method according to claim 1 in which the ribbon
is stretched in two stages to further orient the collagen
fibrils.

3. A method according to claim 2 in which the ribbon
is tanned after stretching.
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