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Figure 1. Scanning electron photomicrographs of the face of
the control knitted fabric showing the presence of contaminants
adhering to the surface of the polyester filaments (original magnifi-
cations, A: X160, B: X600).

the cell culture plates on ice. The cells were harvested and
transferred to test tubes. They were then incubated with a
murine monoclonal anti-human CD18 specific monoclonal
antibody (anti-LFAQ1B subunit; ATCC, Rockville, MD) for 20
minutes at 4°C. They were washed and incubated with a goat
anti-mouse fluorescein isothiocyanate labeled antibody for 15
minutes at 4°C, and, finally, the cells were washed, fixed in
formaldehyde, and quantified with an Epics C flow cytometer
(Coulter Electronics Inc., Miami, FL) at 488 nm.?®

In Vivo Implantation Study. Preparation of Specimens. The
yarn specimens for implantation were prepared from both the
SFE and control fabric by cutting and unrolling the tubular
structure to remove individual weft insertion yarns measuring
approximately 12 mm in length from the central region. Each
yarn weighed approximately 2.5 mg. To avoid raveling and
separation of the filaments, and to facilitate handling and inser-
tion of the yarn in the knee joint of the rat, the specimens were
knotted at both ends. They were then sterilized by ethylene
oxide.

Surgery. Fifteen male Wistar rats weighing 300-400 g were
anesthetized with 20 mg/ml ketamine and 2.5 mg/ml xylazine.
Both hind legs were shaved and the skin disinfected with povi-
done-iodine. Under a sterile environment, an anteromedial
arthrotomy was performed on each knee and one yarn speci-
men was inserted into each open knee joint.?® Specimens from

the SFE and control fabrics were inserted respectively in the
right and left knee of the same rat. A 7-0 monofilament poly-
propylene suture (Prolene; Ethicon Sutures, Ltd., Peterborough,
Ontario, Canada) was used to close the joint capsule and the
skin was closed with a 3-0 monofilament polypropylene su-
ture. The animals were then returned to their cages, fed an
unrestricted diet, and cared for according to the Canadian
Guidelines on Animal Care Regulations. The animals were
divided into three groups of five rats, each prescheduled for a
period of implantation of 3, 10, or 30 days.

Graft Harvesting and Histopathologic Analysis. After the pre-
scheduled implantation time, the animals were sacrificed by
injection of an intraperitoneal overdose of sodium pentobarbi-
tal. The skin covering both knees was removed and each joint
was mobilized by cutting the femur and the tibia. The knee
joint was then opened and the yarn specimen was identified
and excised together with surrounding tissue. Each specimen
was then fixed in 12% buffered formalin for at least 48 hours
and processed for light microscopy. After embedding in paraf-
fin, 5 pm thick sections were cut and stained with hematoxylin-
phloxin-safranin and Masson’s trichrome.

The histopathologic response of the SFE and control yarns
inserted in the knee joint for periods of 3, 10, and 30 days
was evaluated using the following criteria: the phase and inten-
sity of inflammation were respectively determined by the type
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Figure 2. Scanning electron photomicrographs of the back of the
superecritical fluid extraction cleaned fabric showing the absence of
visible contaminants adhering to the surface of the filaments (origi-
nal magnifications, A: X160, B: X600).



Figure 3. Scanning electron photomicrograph of a radial cross-
sectional cut through the central reinforced region of a supercritical
fluid extraction cleaned prosthesis showing the coiled warp-knitted
structure made from texturized polyester yarns reinforced by
coarser, flat (nontexturized) weft insertion yarns. The outer edge
seam Is located at the 11 o’clock position (original magnification
X20).

and number of inflammatory cells observed at the implant site.
The presence of PMNs and lymphocytes provided evidence of
the acute phase, whereas macrophages, foreign body giant
cells (FBGCs), and collagen development with penetration in
between the fibers indicated progression into the chronic
phase. The severity of the reaction was considered “intense”
if all the tissue surrounding the yarn specimen was highly
infiltrated with inflammatory cells. It was deemed “moderate”
if the cells were observed only in the tissue close to the speci-
men, and “mild” if the cells were located only between the
fibers within the specimen itself.?* The current study was also
undertaken to determine the type and severity of the inflam-
matory reaction generated by the synovial tissue and the syno-
vial cell lining, as well as to evaluate the state of neovasculari-
zation within the two types of yarn specimens and their tissues.

Results
Physical Characterization

Surface Morphology. Scanning electron photomicrographs
of the face and back of the control polyester fabric revealed
evidence of surface contamination on the multifilament yarns
(Figure 1). In contrast, the SFE treated fabric demonstrated that
virtually all visible contaminants were removed by the SFE
cleaning technique (Figure 2).

Physical Properties of Anterior Cruciate Ligament Prosthe-
ses. To fabricate the ACL prosthesis from the warp-knitted poly-
ester fabric, a 7 ¢cm length of the fabric was rolled tightly
into a multilayered tubular structure and secured by sewing a
longitudinal seam using a Class 501 single thread overedge
stitch with a polyester sewing thread and 6.2 stitches per cm.
The coiled multilayer structure is most easily visualized from
the cross-sectional view of the device cut in the radial direction
(Figure 3).

The mean physical properties of the SFE cleaned and the
control devices are listed in Table 1. They indicate that the
cleaning treatment results in a small amount of shrinkage in the

Table 1. Physical Properties of ACL Prostheses

Property Units  SFE Cleaned Control
Thickness of prosthesis

Major axis (2R) mm 7.3+ 0.2 72 =03
Minor axis (2r) mm 5.4 + 0.2 54 0.2

Cross-sectional area (wRr)  mm? 30.8 30.4

Mass per unit length (m) g/m 21.3 19.9

tex 21,300 19,900

Density of prosthesis g/em® 0.690 0.654

Porosity of prosthesis % 50.0 52.6

longitudinal direction (about 2%), which produces a slightly
thicker, denser, and more compact prosthesis with a higher
mass per unit length (linear density) and lower porosity.
Textile Structure of Fabric. The constructional features of
the two-bar, warp-knitted structure are presented in Figure 4
and Table 2. The two extremities of the ACL prosthesis contain
only a 17 tex, 30 filament texturized yarn knitted into a porous
two-bar tricot stitch with approximately 5 wales per centimeter
and over 14 courses per centimeter (Figure 4A). In the central
region, an additional, coarser, 228 tex, 384 filament, flat (non-
texturized) reinforcing yarn has been inserted in the weft direc-

Figure 4. Scanning electron photomicrographs of the back of the
two-bar, warp-knitted fabric. A: The extremities of the prosthesis
are knitted entirely from texturized polyester yarns to give a porous
structure. B: In the central region, additional coarser, flat (nontextur-
ized) yarns have been inserted in the weft (horizontal) direction.









Table 5. Level of Extractables From ACL Prostheses (%)

111 0.1N
Prosthesis Hexane Trichloroethane Methanol Water HCI Total
SFE cleaned 0.10 0.00 0.06 0.00 0.11 0.27
Control 0.64 0.06 0.11 0.00 0.11 0.92

the knitted polyester ACL prosthesis. The following three sec-
tions review the three effects before presenting the apparent
advantages and limitations of using the SFE process as a routine
cleaning method in the biomedical device industry.

Effect on Physical and Dimensional Properties

The effect of SFE treatment on the physical and dimensional
properties of the ACL device and the textile fabric can be seen
from the results presented in Tables 1 and 2. As indicated
previously, the length of the prosthesis shrank by about 2%,
as measured in terms of mass per unit length (Table 1), which
corresponded to a 2% increase in wale count measured on
the unrolled and flattened fabric (Table 2). In addition, the
fabric was found to shrink by about the same margin in the
warp direction (course count), which explains the observed
increase of about 4% in stitch density (areal shrinkage; Table
2) as well as the decrease of about 5% in the porosity of the
prosthesis (Table 1).

Such shrinkage or contraction is to be expected when highly
oriented, semicrystalline polymers, such as PET filament yarns,
are exposed to elevated temperatures and pressures.?*3%3!
What is yet to be determined is whether this shrinkage phe-
nomenon has any effect on the mechanical, tensile, and fatigue
properties of the ACL prosthesis.

Effect on Chemical Properties

With respect to surface chemistry, the empiric findings from
the ESCA, Fourier transform infrared spectroscopy, and extrac-
tion experiments in this study have demonstrated that the SFE
process was effective in removing most of the contaminants
and impurities on or near the surface of the ACL prosthesis.
Although the exact nature of these impurities is not known,
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Figure 7. CD18 integrin expression on activated human polymor-
phonuclear cells after incubation with supercritical fluid extraction
cleaned and control polyester fabrics, as well as with positive and
negative control materials.

the results obtained to date point to the removal of oils, waxes,
or oligomers containing oxidized hydrocarbons, silicones, and
phosphorus compounds.

In addition to changing the surface chemistry, the SFE treat-
ment modified the microcrystalline structure of the PET yarns,
but the effect was not the same for the two types of yarn, in
part because they had two different prior thermal histories and
were exposed to different types and levels of stress within the
knitted fabric during the SFE process.

In particular, the weft-inserted, nontexturized reinforcing
yarn was held under longitudinal tension in the warp-knitted
structure (Figure 4B). The elevated temperature and pressure

Figure 8. Light photomicrographs of the tissue reaction sur-
rounding supercritical fiuid extraction (SFE) treated polyester yarns
after implantation in the knee joint of rats. A: As early as 10 days
after implantation, the inflammatory response was mild and in a
chronic phase with few macrophages and foreign body giant cells
(FBGCs) (original magnification xX500). B: A localized mild hyper-
plasia of the synovial cell lining was also observed at 10 days in
the region close to the SFE polyester fibers (original magnification
X500).
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Figure 9. Light photomicrographs of the tissue reaction sur-
rounding control polyester yamns after implantation in the knee joint
of rats. After 10 days, the inflammatory reaction was characterized
by thick collagenous tissue development infiltrated by numerous
inflammatory cells, including polymorphonuclear cells, plasmocytes,

macrophages, and foreign body giant celis (original magnifications,
A: X250, B: xX500).

conditions of the SFE process therefore caused this yarn to be
annealed at a fixed length. Such annealing conditions encour-
age the coalescence of smaller crystallites, the formation of
larger crystalline regions, and an overall increase in the level
of crystallinity.2>*° Such changes corresponded to the observed
changes in DSC thermograms in which the effect of SFE pro-
cessing was to reduce the size of the premelt endotherm shoul-
der while increasing the overall area under the melt and pre-
melt peak (AH) (Figure 6C and D).

On the other hand, the texturized knitted yarns were in a

relaxed state in the warp-knitted fabric (Figure 4A), and conse-
quently they tended to shrink or contract in the longitudinal
direction when exposed to the elevated temperatures of the
SFE process. Annealing under such conditions would also have
reduced the number of smaller crystalline regions, but because
of an absence of longitudinal stresses to encourage preferential
molecular orientation or alignment, there would have been no
growth in the number and size of larger crystallites.*’ This is
in agreement with the DSC results that showed a significant
drop in the height of the premelt peak, as well as a fall from
0.42 to 0.36 in the overall crystallinity index (Figure 6A and
B and Table 4). It is not known whether these changes in
microcrystalline structure will improve or compromise the
long-term mechanical, tensile, and fatigue properties of the
ACL device, or influence its long-term biostability in vivo.

Effect on Biologic Properties

The results from the PMN activation experiment confirmed
a very high level of CD18 integrin expression for the control
material. In fact, the value of 88.2 = 64.9 was at least as high
as the value of 58.5 = 71.5 for the positive control. The effect
of the SFE treatment was to reduce this very high level to a
value of 10.5 + 21.0, which, although higher than the negative
controls, falls neatly within the range of 7.5-10.6 obtained
previously with typical commercial polyester devices.?

In view of the fact that this cell activation assay has been
found to be a good predictor of the in vivo healing behavior
of various polyester vascular grafts, we can conclude that the
use of the SFE cleaning treatment to remove surface contami-
nants from the ACL devices improved the biocompatibility and
promoted a satisfactory cellular response in vivo.?

These findings are supported by the histologic evidence from
the 30 day animal trial, in which the cellular response was
both milder and the rate of healing was more rapid after the
SFE treatment had removed most of the surface contaminants.
Other histologic investigations have also found that clean poly-
ester ACL prostheses are well tolerated in animals in terms of
their inflammatory and immunologic responses.®*-** In addi-
tion, this study has shown that in the rat there is less of a
tendency toward synovial hyperplasia with the SFE cleaned
device. However, proof of its long-term biofunctionality will
not be demonstrated until in vivo studies have been completed
in which the prosthesis is evaluated for mechanical, fatigue,
and tribologic performance when implanted under tension in
the articulating knee joint.>>?¢

Table 6. Summary of the Histologic Observations of the SFE and Control Polyester Yarns Implanted in the
Knee Joint of Rats for Periods of 3, 10, and 30 days

Implantation Collagen Synovial
Materials Times (d) Inflammatory Response Tissue Reaction Synthesis Neovessels Hyperplasia
SFE cleaned 3 Mild: acute phase None None None None
10 Moderate: chronic phase Thin mildly cellular Little Several Mild
30 Moderate: chronic phase Thin: less cellular Little Few Mild
Control 3 Moderate: acute phase None None None Mild
10 Moderate: transition phase Thick: highly cellular Abundant Several Moderate
30 Moderate chronic phase Thick: less cellular Abundant Several Mild










