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Abstract

Purpose Biological augmentation to heal a torn anterior
cruciate ligament (ACL) has gained significant interest.
This study examined the potential advantages of using
extracellular matrix (ECM) bioscaffolds from galactosyl-
a(1,3)galactose deficient pigs to heal the transected ACL.
Methods In 16 skeletally mature goats, the ACL in the
right hindlimb was transected and repaired. In 9 of these
animals, an ECM sheet was wrapped around the injury site
and with an ECM hydrogel injected into the transected site.
The remaining 7 animals were treated with suture repair
only. The left hindlimb served as a sham-operated control.
Results  After 12 weeks, the healing ACL in the ECM-
treated group showed an abundance of continuous neo-
tissue formation, while only limited tissue growth was
found after suture repair only. The cross-sectional area of
the ACL from the ECM-treated group was similar to sham-
operated controls (n.s.) and was 4.5 times those of the
suture repair group (P < 0.05). The stiffness of the femur-
ACL-tibia complexes from the ECM-treated group was
2.4 times those of the suture repair group (P < 0.05).
Furthermore, these values reached 48% of the sham-oper-
ated controls (53 £ 19 N/mm and 112 £ 21 N/mm,
respectively, P < 0.05).
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Conclusions The application of an ECM bioscaffold and
hydrogel was found to accelerate the healing of a tran-
sected ACL following suture repair in the goat model with
limited tissue hypertrophy and improvement in some of its
biomechanical properties. Although more work is neces-
sary to fully restore the function of the normal ACL, these
early results offer a potential new approach to aid ACL
healing.
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Introduction

Surgical reconstruction using soft-tissue autografts has
been the standard of care for a torn anterior cruciate liga-
ment (ACL). Although these autografts can restore initial
knee stability, there are still a number of associated issues
[34]. In fact, 20-25% of patients had less than satisfactory
results in the long term, with clinical studies demonstrating
premature osteoarthritic changes in the knee [3, 9, 16].
Thus, there is a persistent need to develop better treatment
regimens for improved patient outcome.

With the advent of functional tissue engineering, there is
a renewed hope to enhance healing and regeneration of the
ACL by means of cells, growth factors, and scaffolds [2, 4,
39]. A successfully healed ACL would have many advan-
tages over ACL reconstruction. Not only could the liga-
ment’s broad insertion sites and other complex anatomical
features be preserved, but also issues related to donor site
morbidity, the healing of the tendon graft in the bone
tunnel, and tunnel placement could be eliminated.
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Recently, surgeons have used blood derived from mi-
crofractures at the femoral insertion of the ACL to promote
clotting and stimulate healing of an injured ACL [14, 35].
Encouraging results were obtained, and these authors
attributed their success to hematoma formation and the
recruitment of cells to the injury site. Using a similar
strategy, a collagen-platelet composite (CPC) scaffold in
combination with suture repair has also shown promise in
animal studies [17].

An alternative to improve healing of ligaments and
tendons is the use of extracellular matrix bioscaffolds
(ECM) [19, 24, 44]. The porcine small intestinal sub-
mucosa (ECM-SIS), with its preferentially aligned type I
collagen and bioactive agents (e.g. growth factors and
chemoattractants) [5], has been shown to improve heal-
ing of a gap injury in the rabbit medial collateral liga-
ment (MCL) with the tangent modulus and ultimate
tensile strength of the MCL tissue closer to normal [24,
44]. Furthermore, when applied to a central third defect
of the patellar tendon (PT) in the rabbit model, ECM-
SIS could increase tissue formation and improve the
stiffness and ultimate load of the bone-PT-bone complex
[19]. More recently, the presence of TGF-f, bFGF,
VEGF, PDGF, and IGF [23] was found in these ECMs,
which can act as stimulators of cellular activity within
ECM bioscaffolds and hydrogels. Additionally, others
have shown that as ECM bioscaffolds degrade, its
byproducts are able to stimulate cellular migration [31,
37].

In this study, the objective was to extend the appli-
cation of an ECM-SIS bioscaffold to heal an injured
ACL. The rationale was that an ECM sheet wrapped
around the transected ACL would help tissue growth by
isolating the healing tissue from the harsh synovial
environment while limiting excessive tissue hypertrophy.
The ECM was also prepared in a hydrogel form [12], so
that it could be injected easily into the injury site to
further accelerate healing through its chemoattractants
[23, 31, 37]. When combined, it was hypothesized that
the ECM hydrogel and ECM sheet can encourage rapid
neo-tissue formation, while limiting its hypertrophy.
Thus, healing of the ACL could take place such that its
biomechanical properties as well as the joint function
could be improved. To test this hypothesis, the ACL in
the goat stifle joint was transected and treated with both
an ECM bioscaffold and hydrogel. At 12 weeks, assess-
ments included the joint stability [anterior-posterior tibial
translation (A-PTT)] and in situ force of the healing ACL
as well as the amount of neo-tissue formation, its mor-
phology, and the biomechanical properties of the femur-
ACL-tibia complexes (FATC) compared to those treated
with suture repair alone.
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Materials and methods

A total of 18 skeletally mature female Spanish breed goats
with body mass of 42.6 &+ 4.9 kg (mean £+ SD) were used.
The use of animals for this study was approved by the
University of Pittsburgh’s Institutional Animal Care and
Use Committee. Early in the study, surgical error occurred
in two animals, and they were excluded from further study.
For the remaining sixteen goats, 9 were assigned to the
ECM-treated group and 7 for the suture repair group. Two
of the animals from each group were utilized for histo-
logical evaluation, while the rest were used for biome-
chanical evaluation.

This study employed ECM-SIS from genetically mod-
ified pigs in which the galactosyl-a(1,3)galactose (xGal)
epitope is deficient, in order to reduce the potential for an
acute immune response due to these porcine-derived scaf-
folds in patients [5, 8, 15, 27, 30]. To produce the ECM
bioscaffolds, a small intestine from a knockout pig (Gal-
SafeTM, 13 mos., 180 kg.) was harvested immediately after
euthanasia by Revivicor, Inc. and shipped overnight on dry
ice. Once thawed, the ECM-SIS was separated from the
small intestine, decellularized, lyophilized, and sterilized
as previously described [13]. To make the ECM hydrogels,
the processed ECM sheets were comminuted to a powder
and enzymatically digested [12, 13]. The resultant pre-gel
solution (10 mg/ml of ECM) was kept frozen at —20°C
until needed.

All surgical procedures were performed using sterile
techniques under general endotracheal anesthesia using
isoflurane. The ACL in the right knee was transected
throughout its entire cross-section and surgically repaired.
No ACL tissue was removed. The contralateral leg served
as a sham-operated control, in which the joint was opened,
the ACL was visually observed (but not transected), and
then, the wound was closed using sutures.

For the ECM-treated group, the ECM sheet was trimmed
(~20 mm x ~5 mm) and sutured to a similarly sized
fibrin sponge (Surgifoam, Johnson and Johnson) via 4-0
non-absorbable sutures (Ethicon, Inc.) such that the lumi-
nal side of the ECM faced away from the fibrin sponge
(Fig. 1b). The ECM hydrogel was formed by mixing 0.1 N
NaOH, 10x PBS, 1x PBS, and the pre-gel solution at 4°C
to reach an ECM concentration of 6 mg/ml and allowed to
gel at 37°C [12].

Suture repair of the ACL was performed using a #1
Ethibond suture (Ethicon, Inc.). One suture was used for
the proximal side, and one was used for the distal side.
Each suture was passed through the tissue three times, such
that two free ends were created to pass through the bone
tunnels as shown in Fig. la. The first pass was made at
least 5 mm from the injury site, and the passes were
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a Suture Repair C Injection of

ECM hydrogel

b Wrapping of
ECM sheet

Fig. 1 Details on a surgical repair and application of b ECM
bioscaffold and ¢ ECM hydrogel

separated by approximately 2 mm along the length of the
ligament. Next, two femoral tunnels were created by aim-
ing a 1.5-mm guide wire at different angles immediately
anterior to the insertion of the ACL. Two tibial tunnels
were created using a 1.5-mm guide wire and a drill guide
system placed immediately medial and lateral to the tibial
insertion of the ACL. This technique allowed the bone
tunnels to exit ~5 mm apart, creating a bone bridge. The
sutures were passed through the bone tunnels and loosened.
Next, the ACL was fully transected in its midsubstance
between the repair sutures (Fig. 1a). In the ECM-treated
group, the ECM sheet and fibrin sponge were placed pos-
terior to the ACL stumps, with the fibrin sponge facing the
injury site. For both the ECM-treated and suture repair
groups, the repair sutures were tied over the bone bridges at
60° of joint flexion under manual tension. For the ECM-
treated group, the ECM sheet and fibrin sponge were then
wrapped around the ACL and sutured to enclose the injury
site (Fig. 1b). After, the ECM hydrogel (2-3 ml) was
injected into the injury site (Fig. 1c). Lastly, the wounds
were closed using standard suture technique.

Postoperatively, all animals were allowed free cage
activity, and the status of weight-bearing and general
health of all goats was monitored. After 12 weeks, the
goats were humanely euthanized. This time point was
chosen in this study since it was long enough to enter the
remodeling phase of healing and quantitatively assess the
biomechanical properties of the healing tissue. For bio-
mechanical testing, both hindlimbs were disarticulated at
the hip joint, sealed in double plastic bags, and immedi-
ately stored at —20°C. Prior to testing, each stifle joint was
thawed and prepared for biomechanical testing [1]. The
specimens were kept moist with 0.9% saline throughout
testing.

To examine the effects of ECM treatment on joint
kinematics and in situ forces in the healing ACL, a robotic/
universal force-moment sensor (UFS) testing system was
used, as previously described [1, 25, 26, 29, 32, 40]. This
testing system can accurately record the 6 degree of free-
dom (DOF) motion of the stifle joint using the robotic
manipulator (Puma Model 762, Unimate, Inc.) as well as

apply and measure forces and moments to the stifle joint in
6-DOF via the UFS (Model 4015, JR3, Inc., Woodland,
CA). To provide a reference position, a path of passive
flexion—extension of the joint from full extension to 90° of
joint flexion was first determined by minimizing all
external forces and moments in the joint. After, an external
67-N anterior-posterior (A-P) tibial load was applied to the
joint at 30°, 60° and 90° of joint flexion, while the
resulting 5 DOF joint kinematics (including A-P tibial
translation) were measured [1, 40]. To determine the in situ
force in the healing ACL, all other soft-tissue structures in
and around the joint were dissected, leaving only the
FATC. The articulating surfaces of the femoral condyles
were also removed to eliminate bony contact. The previ-
ously recorded kinematics was repeated by the robotic
manipulator while the UFS directly recorded the in situ
force in the ACL [1, 40].

All FATCs used for the evaluation of joint function were
further prepared for uniaxial tensile testing, as previously
described [1]. First, the cross-sectional area of the healing
and sham-operated ACLs was measured by means of a
laser micrometer system [21, 41]. Subsequently, each
specimen was mounted on a uniaxial tensile testing
machine (model 4502; Instron, Canton, MA, USA) using
customized clamps. Care was taken to ensure that each
FATC specimen was positioned such that the anatomical
orientation of the ACL was aligned along the axis of the
applied tensile load [1, 42]. Each specimen was also
aligned at ~70° of joint flexion. After a preload of 2 N
was applied, the gauge length was reset to 0 mm. Each
FATC underwent preconditioning by cyclically loading
between 0 and 1 mm for 10 cycles. These parameters were
chosen based on preliminary studies that showed about
1-1.5 mm of elongation was needed to reach the end of the
toe region of the load-elongation curve. This level also
allowed all tissues to reach a steady-state level of hysteresis
without damaging the tissues. A second 2-N preload was
applied, and the gauge length was reset. Then, the FATC
was loaded until failure at 10 mm/min [43]. The failure of
each specimen was visualized and recorded during the test
and further reviewed on video images. From the load-
elongation curve for each specimen, the ultimate load, i.e.
maximum load, and ultimate elongation, i.e. the elongation
corresponding to the ultimate load, were found. The stiff-
ness was defined as the slope of the linear region of the
load-elongation curve such that the R®> 0.995 when
comparing the linear slope and the experimental data.

For histological examination (n = 2 per group), the
ACLs were examined grossly, carefully removed at the
insertion sites at the femur and tibia, embedded in O.C.T.
compound, and frozen immediately in liquid nitrogen fol-
lowing euthanasia. Serial longitudinal and transverse
cryosections of 8 um thickness were cut through the
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healing tissue. Slides were stained with hematoxylin and
eosin and observed under a light microscope.

Statistical analysis

For statistical analyses, a Kolmogorov—Smirnov test was
first done to ensure normality of the data on A-PTT, in situ
force of the ACL, and cross-sectional area of the ACL as
well as the stiffness, ultimate load, and ultimate elongation
of the FATC. Then, a paired ¢ test was performed to
compare the experimental groups to their respective intact
joint controls. For comparisons between experimental
groups, data were normalized to the values for their sham-
operated controls, followed by an unpaired ¢ test. Signifi-
cance was set overall at P < 0.05.

Results

All goats tolerated surgery well and could ambulate with a
slight limp within a few hours following surgery. Daily
inspection of the animals showed normal gait with full
weight-bearing on all four limbs within the first 2 weeks.

The stifle joint function for the experimental and sham-
operated control groups as measured by the robotic/UFS
testing system is represented by the A-PTT plotted against
the applied 67-N A-P tibial load at 30° of flexion (see
Fig. 2a). All curves begin at the 67-N posterior tibial loads
to provide a consistent reference position. Compared to the
sham-operated group, the curves for the experimental
groups were nonlinear and had higher values of A-PTT at
each level of the applied anterior tibial load, with the most
marked differences in the suture repair group. In terms of
the total amount of A-PTT, both experimental groups had
statistically higher values compared to those for the sham-
operated controls at 30°, 60°, and 90° of flexion (Table 1,
P < 0.05). Statistical significance between the ECM-trea-
ted and suture repair groups could not be determined at any
of the flexion angles tested (n.s.).

In terms of the in situ force of the ACL, its anterior
component under the 67-N anterior tibial load was plotted
against the amount of A-PTT at 30° of flexion (see
Fig. 2b). For consistency, the A-PTT for all groups was
normalized to the respective sham-operated control group.
The sham-operated ACLs carried the vast majority of the
applied anterior tibial load. A similar response was found
for the ECM-treated healing ACLs; however, the suture
repaired ACLs carried less anterior force. Quantitatively,
the values of the resultant in situ force of the healing ACL
for both experimental groups were highest at 30° and 60°
of flexion and were not statistically significant from their
respective sham-operated controls (Table 2, n.s.). In fact,
for the ECM-treated group, the in situ force in the healing
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Fig. 2 a Average curves for the anterior-posterior tibial translation
(A-PTT) in response to the 67-N A-P tibial load at 30° of flexion.
Positive and negative force values indicate anterior and posterior
tibial loads, respectively. b Anterior component of the in situ force of
the ACL as a function of A-PTT at 30° of flexion. Values of A-PTT
are normalized to those for the respective sham-operated control

Table 1 Anterior-posterior tibial translations (mm) of the goat stifle
joints at 30°, 60°, and 90° of joint flexion under an 67-N anterior-
posterior tibial load (mean + SD)

Joint flexion angle

30° 60° 90°
I. ECM-treated group
Sham-operated control 3.4 + 0.4 39+£05 3.0£05
Experimental 8.6 £2.0% 113 £21*% 102 % 1.9%
II. Suture repair group
Sham-operated control 3.8 £ 0.2 41+£03 28 £0.4
Experimental 11.8 £ 34* 144 £42*% 10.8 + 3.3*

* P < 0.05 compared to the respective sham-operated controls

ACL was found to be 84 and 96% of those for the sham-
operated ACLs at 30° and 60°, respectively. At 90° of
flexion, both experimental groups had significantly lower
values compared to their respective sham-operated controls
(P < 0.05). Like the joint kinematics, no statistically sig-
nificant differences could be determined between experi-
mental groups (n.s.).

After dissection, it was found that all ECM-treated
ACLs healed with continuous neo-tissue formation and
no noticeable concavities (Fig. 3b). The neo-tissues were
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Table 2 Resultant in situ force of the ACL (N) at 30°, 60°, and 90°
of joint flexion under a 67-N anterior tibial load (mean + SD)

Joint flexion angle

30° 60° 90°
1. ECM-treated group
Sham-operated control 62 5 54 +6 53£5
Experimental 52 £ 11 52+8 31 + 12*
II. Suture repair group
Sham-operated control 50 £ 12 51+ 11 53+ 7
Experimental 26 + 24 29 + 25 13 + 15*

* P < 0.05 compared to the respective sham-operated controls

a Sham-operated b ECM-treated ¢ Suture Repaired

Healing ACL

ACL Healing ACL
- 4 pal y — [ i

Fig. 3 Gross morphology of (a) sham-operated ACL, (b) ECM-
treated healing ACL, and (c) suture repaired healing ACL at 12 weeks
of healing

slightly reddish in color and less opaque than the sham-
operated control ACLs, which were white and consisted of
distinct bundles with clearly observable collagen fiber
orientation (Fig. 3a). Careful inspection revealed that
the repair sutures were generally loose and elongated.
There was no excessive hypertrophy of the ECM-treated
ACLs, and the cross-sectional area was comparable to
the sham-operated control group (29.0 &+ 19.3 mm* vs.
23.0 + 4.6 mm?, respectively, n.s.). It should be noted that
there was only a small amount of neo-tissue formation in
the suture repair group (Fig. 3c). In fact, the average cross-
sectional area of the healing ACLs in the suture repair
group was only 34% of the average cross-sectional area for
the sham-operated control group (6.5 & 4.3 mm? vs.
21.6 + 5.6 mm?, respectively, P < 0.05). When the data
were normalized by the respective sham-operated control
of each animal [experimental/control (E/C)], the cross-
sectional area values from the ECM-treated group were 4.5
times those of the suture repair group (127 4 90% vs.
34 + 25%, respectively, P < 0.05; see Fig. 4).
Histologically, the midsubstance of the ACL in the
sham-operated group showed compact collagen fibers that
were highly aligned with many regularly interspersed
spindle-shaped cells (Fig. 5a). For the ECM-treated group,
collagen fibers parallel to the longitudinal axis of the lig-
ament were found with many spindle-shaped cells oriented
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ECM-treated
Healing ACL

Suture Repaired
Healing ACL

Fig. 4 The cross-sectional area of healing ACLs for the ECM-treated
and suture repair groups at 12 weeks post-surgery normalized by the
values for the respective sham-operated ACLs (*P < 0.05). Examples
of the cross-sectional shape are also shown

Fig. 5 Histological appearance of (a) sham-operated ACL, (b) ECM-
treated healing ACL, and (c) suture repaired healing ACL at 12 weeks
of healing (x 100 magnification, specimen identification numbers in
parentheses). For the experimental groups, two specimens are shown
to note the inter-specimen variability

along the collagen fibers (Fig. 5b). At this stage of healing,
the matrix appeared as loose parallel strips of collagen
fibers that were less dense with less relative alignment on a
qualitative basis than that of the sham-operated group.
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Moreover, transverse sections of the ECM-treated healing
ACLs showed continuous tissue throughout its cross-
section. For the suture repair group, large variability was
observed with one specimen displaying a similar amount of
matrix and fiber alignment as the ECM-treated group,
while another specimen exhibiting very little healing with
only sparse collagen fibers surrounding the repair sutures
and less alignment than the ECM-treated group (Fig. 5c¢).

Tensile testing of the FATCs showed nonlinear load-
elongation curves for the ECM-treated and suture repair
groups (Fig. 6a). Typically, the toe region existed for up to
1-1.5 mm of elongation, followed by a linear region until
failure. All healing specimens were found to fail in the
tissue midsubstance of the healing ACL. The sutures

a [0 ECM-treated Healing FATCs
400= £\ Suture Repaired Healing FATCs
300 =
z
o 200 =
3
o |
100 =
0= T T T 1
0 3 6 9 12
Elongation (mm)
b —_—
3 100 =
=
=4
S 80w *
3
W
% 60 =
£2
B E 40 -
-]
£
@ 20 -
k]
£ o

ECM-treated Suture Repaired
Healing FATC  Healing FATC

Fig. 6 a Average load-elongation curves of the ECM-treated and
suture repair groups at 12 weeks post-surgery. b Stiffness of the
healing FATC for the experimental groups as a percentage of the
sham-operated controls at 12 weeks post-surgery (*P < 0.05)

remained loose during tensile testing, and thus, the load-
elongation curve was dominated by the healing tissue and
not by the sutures. No clear separation at the insertion sites
was observed. By 12 weeks, the structural properties of the
FATCs as represented by the stiffness and ultimate load for
both the ECM-treated and suture repair groups had not
reached those of their respective sham-operated FATCs
(Table 3, P < 0.05). For statistical comparisons between
treatment groups, the normalized data (E/C) showed that
the linear stiffness of the ECM-treated FATCs was 140%
higher than that for the suture repair group (48 & 19% vs.
20 £ 18%, respectively, P < 0.05; see Fig. 6b). No sta-
tistical significance could be determined between experi-
mental groups in terms of ultimate load (n.s.).

Discussion

In this study, the potential of an ECM-SIS bioscaffold and
its hydrogel to improve healing of a transected ACL fol-
lowing suture repair was demonstrated. The most important
finding was that ECM treatment positively impacted the
tensile properties of the healing FATC, as its stiffness was
double that of the suture repair group. This is a direct result
of the abundant neo-tissue formation and organized colla-
gen fibers of the healing ACL following ECM treatment.
The degradation byproducts of ECM-SIS, which have been
shown to possess a number of bioactive agents such as
growth factors and fibronectin, could have stimulated the
cells to produce more de novo tissue [33]. Furthermore,
ECM treatment did limit the healing ACL from hypertro-
phy as the cross-sectional area of the healing tissue was
similar to the sham-operated ACL, which may have been
due to the application of the ECM sheet wrapped around
the injury site. This is a unique finding as other studies
using biological augmentation could not limit excessive
tissue hypertrophy [17]. Without excessive tissue growth,
the quality of the healing tissue would improve during
tissue remodeling in the long term [24, 44]. Collectively,
these findings support the hypothesis. However, as no
statistically significant differences could be found due to
ECM treatment in terms of the ultimate load of the FATC
as well as the A-PTT of the joint and in situ force of the

Table 3 Parameters representing the structural properties of the FATC at 12 weeks post-surgery (mean £ SD)

ECM-treated group

Suture repair group

Sham-operated control

Experimental

Sham-operated control Experimental

Stiffness (N/mm) 112 £ 21
Ultimate load (N) 1,624 + 235
Ultimate elongation (mm) 153+ 29

53 £ 19* 125 + 23 24 £ 21%*
249 £ 129% 1,385 £ 360 95 £+ 90*
5.6 £ 1.7* 19.0 £ 6.3 6.1 + 4.6*

* P < 0.05 compared to the respective sham-operated controls
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healing ACL, the hypothesis was only partially confirmed.
The A-PTT of the joint was reduced to some extent,
although not restored, by the ECM treatment. With further
improvements in design, it may be speculated this bio-
scaffold augmentation will at least positively contribute to
the better joint stability. Further, it is important to note that
even with ECM treatment, the biomechanical properties of
the healing ACL at 12 weeks were still well below those of
the normal FATC.

The values for A-PTT for the stifle joint with ECM
treatment at 12 weeks postoperatively in the goat model
were consistent with the literature using animal models
even though they were 2-3 times greater than those of the
intact joint [1, 7, 28]. The issue of increased joint insta-
bility following surgical treatment of an ACL injury is a
common observation in most animal studies. For example,
following ACL reconstruction and other tissue engineering
approaches to heal a transected ACL, the A-PTT could
range from 2 to 6 times those of the intact joint [1, 7, 17,
28]. The literature has attributed this increase to the lack of
appropriate postoperative rehabilitation. Nevertheless, the
increased joint instability remains an issue in this animal
study, and much improvement in the properties of the
healing ACL along with restoring joint stability is needed
before clinical translation may be considered.

The biomechanical data for the healing FATC in the
ECM-treated group compared favorably to those for other
functional tissue engineering techniques as well as ACL
reconstruction in animal models [1, 7, 17, 28]. The stiffness
was similar to those treated with the CPC scaffold fol-
lowing suture repair in a porcine model at 3 months
(53 £+ 19 N/mm vs. 40.2 £ 21.8 N/mm, respectively) [17].
Moreover, the structural properties of FATC also compared
favorably to those following ACL reconstruction in terms
of both stiffness (53 & 19 N/mm vs. 37.2 £+ 22.0 N/mm,
respectively) and ultimate load (249 £ 129 N vs. 268.8 £+
175.8 N, respectively) [28].

Another contribution of this study was the use of
genetically modified ECM, which could help to address the
clinical concerns of chronic inflammation found in some
patients following implantation of the porcine xenografts
[15, 27]. A significant part of the inflammatory response
has been attributed to the existence of the «Gal epitope
found in the porcine ECM [5, 8, 30], and aGal-deficient
tissues from this genetically modified porcine model have
been shown to limit the immune rejection response [6, 20,
45]. As such, the use of ECM from these aGal(—) pigs
would greatly eliminate the immunogenicity in humans,
making the porcine ECM a unique source for clinical
applications.

The suture repair procedure chosen for this study was
based on those utilized in the clinical literature [10, 18, 38].
It is important to note that the healing response following

suture repair alone was highly variable, with 3 out of 7
animals having little or no tissue formation, which was in
contrast to the ECM-treated group. This can be easily seen
when comparing histological sections between two differ-
ent animals (Fig. 5c) as well the biomechanical data, which
precluded the ability to determine statistical significance in
some cases. In the original study design, 7 goats were
allocated for biomechanical evaluation following suture
repair alone. Following testing of 5 of these animals, the
large variability in the suture repair group was noted. A
post hoc power analysis revealed that up to 15 goats per
group would be needed to detect statistical differences in
the A-PTT, in situ force of the ACL, and ultimate load of
the FATC, which was unfeasible. As such, it was decided
to better utilize the remaining animals in a separate study.
Nevertheless, the small sample size in the suture repair
group is a limitation of this study. However, with the
current sample size, statistically significant differences in
the cross-sectional area of the healing tissue as well as the
stiffness of the healing FATC following ECM treatment
were achieved.

There are other limitations to the current study. First, the
amount and type of growth factors and chemoattractants
released from the ECM, their release profiles, and the inter-
specimen variability in their release are unknown for the
current application. In the future, these mechanisms will be
explored within the intra-articular environment during
ACL healing as well as results at longer-term time points in
more detail to more fully characterize the healing response.
Second, the stresses and strains of the healing tissue, and
thus its mechanical properties, were not measured, due to
the presence of the sutures. Future studies will need to
accurately obtain these data to assess the quality of the
healing tissue in terms of its mechanical properties. Third,
the potential for injury to the insertion sites and the pro-
prioceptive nerve endings in the injured ACL following
suture repair was not investigated, but must be considered
in the future. Fourth, the externally applied loads used in
the current study are similar to those used in clinical
examination to evaluate ACL function and thus could not
mimic those during in vivo activities. As a result, the data
obtained do not provide a view of the function of the ACL
during in vivo motion and must be treated with caution.
Recently, several groups have developed highly accurate
biplanar fluoroscopy to record in vivo joint kinematics [22,
36]. In the future, such kinematics data could be repeated
using a robotic/UFS testing system such that the in situ
forces in the healing ACL during activities of daily living
could be determined [40].

Nevertheless, the current study has demonstrated the
potential of «Gal(—) ECM bioscaffolds and hydrogels in
combination with suture repair to help with ACL healing.
The considerable neo-tissue formation without hypertrophy
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and substantial biomechanical function of the healing ACL
are indeed exciting. This novel approach can serve as a
basis for future work such as ECM treatment in combina-
tion with suture augmentation techniques to better restore
and maintain initial joint stability for ACL healing [11].
Additional studies will also examine the contribution of
other tissues in and around the joint to A-P joint stability
and assess how they are affected following ACL injury and
healing [26, 29, 32]. Finally, the reduced immune rejection
potential of the genetically engineered ECM bioscaffolds
from the porcine could not be tested in the current animal
model but should offer an exciting avenue for further study
in primate models with the distinct possibility for transla-
tion into clinical use. Although much work remains, this
study supports the increasingly widespread concept among
clinicians that biological augmentation, in this case the use
of ECM bioscaffolds, could be utilized to stimulate healing
of the ACL.

Conclusion

The application of an ECM bioscaffold and hydrogel was
found to accelerate the healing of a transected ACL fol-
lowing suture repair in the goat model with limited tissue
hypertrophy and improvement in some of its biomechani-
cal properties. Although more work is necessary to fully
restore the function of the normal ACL, these early results
offer a potential new approach to aid ACL healing with the
distinct possibility for clinical translation.
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