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Abstract

Background—Using allograft is an attractive alternative for flexor tendon reconstruction
because of the lack of donor morbidity, and better matching to the intrasynovial environment. The
purpose of this study was to use biolubricant molecules to modify the graft surface to decrease
adhesions and improve digit function.

Methods—a28 flexor digitorum profundus (FDP) tendons from the 2"d and 5t digits of 14 dogs
were first lacerated and repaired to create a model with repair failure and scar digit for tendon
reconstruction. Six weeks after the initial surgery, the tendons were reconstructed with FDP
allograft tendons obtained from canine cadavers. One graft tendon in each dog was treated with
saline as a control and the other was treated with gelatin, carbodiimide derivatized, hyaluronic
acid and lubricin (cd-HA-Lubricin). Six weeks postoperatively, digit function, graft mechanics,
and biology were analyzed.

Results—Allograft tendons treated with cd-HA-Lubricin had decreased adhesions at the
proximal tendon/graft repair and within flexor sheath, improved digit function, and increased graft
gliding ability. The treatment also reduced the strength at the distal tendon to bone repair, but the
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distal attachment rupture rate was similar for both graft types. Histology showed that viable cells
migrated to the allograft, but these were limited to the tendon surface.

Conclusion—cd-HA-Lubricin treatment of tendon allograft improves digit functional outcomes
after flexor tendon reconstruction. However, delayed bone-tendon healing should be a caution.
Furthermore, the cell infiltration into the allograft tendons substance should be a target for future
studies, to shorten the allograft self-regeneration period.
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INTRODUCTION

While tendon grafts=3 are no longer the primary treatment for flexor tendon lacerations in
the fingers,-8 they are still occasionally needed to treat complications following primary
repair, including severe adhesion and rupture of the repaired tendon. Furthermore, tendon
injures with large tendon defect in which direct tendon repair cannot be performed also
require tendon grafting to restore hand function.”®

The most common flexor tendon reconstruction uses autologous extrasynovial tendons, such
as the palmaris longus, plantaris, or toe extensors. However, the flexor tendons in zone 1l are
intrasynovial tendons. The surface structure of these two types of tendons is very different.
Intrasynovial tendons are covered by a smooth membrane (epitenon) which contains a few
layers of epitenon cells embedded in a matrix that is rich in lubricating macromolecules
including hyaluronic acid, lubricin, and phospholipids. Furthermore, the lubricin on the
intrasynovial tendon surface possesses a strong anti-adhesion effect, which reduces adhesion
formation.10- 11 |n contrast, the extrasynovial tendons are wrapped by loose connective
tissues (paratenon).12 This surface structure is easily damaged with repetitive motion, as is
the case when extrasynovial tendons are used to replace the finger flexor tendons.13: 14
Consequently, the use of extrasynovial tendon to reconstruct intrasynovial flexor tendons
often results in poor functional outcomes in both clinical and experimental settings.1® 16
Unfortunately, the availability of autologous intrasynovial tendons is limited, providing
clinicians with few options when faced with the need to reconstruct a finger flexor.

Although allograft FDP tendons are available for FDP tendon reconstruction, poor
functional outcomes, possibly related to immunological reactions, have limited clinical use
of this option.17-1920 Decellularization and lyophilization can reduce immunogenicity, but
these procedures also roughen the tendon surface. Thus, processed allograft intrasynovial
tendons lose their superior functional properties.?! Interestingly, recent studies have shown
that, in an animal model, graft surface modification with carbodiimide derivatized
hyaluronic acid and gelatin (cd-HA) improve tendon surface gliding ability and durability in
vitro and decrease adhesion in vivo.21: 22 Furthermore, in vitro experiments have revealed
that further improvement of allograft gliding can been achieved by adding Lubricin to the
cd-HA treatment.23 However, this chemically modified cd-HA plus lubricin (cd-HA-
Lubricin) has not been tested in vivo. The purpose of the current study was to evaluate the
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results of allograft FDP tendon coated with cd-HA-Lubricin on digit function and adhesion
formation using a clinically relevant canine in vivo model.

MATERIALS AND METHODS

Creation of Tendon Failure Model for Reconstruction

This study was approved by our Institutional Animal Care and Use Committee (IACUC). In
order to mimic the clinical indication for flexor tendon reconstruction, a tendon repair
failure model was created.?? In a second operation, the tendon graft was then inserted into
the resulting scarred digit. Briefly, a total of 28 FDP tendons from the 2"d and 5! digits of
14 mixed-bred dogs with average weight of 20 kg were lacerated and repaired in zone |1
After tendon repair the dogs were allowed free cage activity with full weight bearing,
resulting in rupture of all the repairs within one week.22

Allograft Preparation

28 FDP tendons were harvested from dogs that were euthanized for other IACUC approved
studies. The tendons were immersed into liquid nitrogen for 1 minute and then thawed in
37°C saline for 5 minutes, and this procedure was repeat five times to create tenocyte
necrosis. Previous studies have demonstrated that no immune responses from the host were
observed with this procedure in vivo.22 Following tendon decellularization, the tendons
were lyophilized (Millrock Technology Inc. Kingston NY). Then, each allograft was stored
in a sealed a special plastic bag for gas sterilization. One day before reconstruction, the graft
tendon was immersed in a 0.9% NaCl bath for rehydration in an incubator at 37°C.21 During
flexor reconstruction surgery, two allograft FDP tendons were randomly assigned for either
saline treatment as the control group or cd-HA-Lubricin surface coating with the following
formula: 1% Sodium hyaluronate (Acros, 95%), 10% gelatin (from porcine skin, Sigma
Chemical Co., St. Louis, MO, USA), 1% 1-ethy1-3 [(3-dimethylaminopropyl) carbodiimide
hydrochloride] (EDC) (Sigma), and 1% N-hydroxysuccinimide (NHS) (Sigma) in 0.1 M
NaCl pH 6.0 and 0.9% phosphate buffered saline (PBS). The tendons were immersed in this
solution for 5 minutes, and then 260 pg/ml lubricin was added to the tendon surface.?4

Flexor Tendon Reconstruction with Allograft

Six weeks after primary repair, the previously operated forelimb was prepared for the
second surgical reconstruction. The distal attachment of the FDP tendon was approached
through a lateral incision at the distal interphalangeal (DIP) joint to expose the normal FDP
tendon/bone attachment and the distal end of the ruptured FDP tendon repair. The distal
stump of the FDP host tendon was mobilized from adhesions and scar, and cut 5 mm from
its insertion site. A bone tunnel for graft insertion was made at the base of the distal phalanx
with a 3 mm diameter drill bit. Then, an incision was made at the mid metacarpal bone level
to expose the proximal portion of the previously repaired tendon. A tunnel was created
between these two incisions and the graft tendon was passed through this tunnel under the
flexor digitorum superficialis tendon and within proximal pulley system. The distal end of
the graft was fed into the bone tunnel at the distal phalanx and repaired with a suture-button
technique.2® The proximal graft was repaired to the recipient FDP tendon using a two-weave
interlacing technique.22 After the tendon reconstruction, a radial neurectomy was performed
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at the proximal humeral level to denervate the triceps muscle and prevent elbow and wrist
extension and, thus, weight bearing.28: 27 The operated forelimb was protected with a
custom-made canine jacket to hold the operated paw underneath the chest. At postoperative
day 5, a synergistic wrist and digit rehabilitation protocol was initiated, and performed once
daily, 7 days per week, until sacrifice.2”- 28 Following sacrifice, the surgical and non-
surgical contralateral normal digits were harvested for evaluation in different regions, as
shown in Figure 1.

Adhesion Evaluation of the Proximal Repair Site

6 weeks after reconstruction, the dogs were sacrificed and both fore paws were amputated at
the wrist. The 2" and 5™ digits were dissected with zone I, Il and 111 and the proximal and
distal repair sites intact, including the entire flexor sheath. The specimen was mounted on a
custom-made apparatus which included a clamp to hold the metacarpal bone and a clamp to
secure the host FDP tendon. The tendon clamp was connected to a motor, actuator, and force
transducer. The tendon was transected at the distal of proximal repair, and then the tendon
was pulled proximally at a rate of 20 mm/minute until the proximal repair was fully pulled
out. The force needed to break any adhesions between the proximal repair and the
surrounding tissues (Figure 1, Zone Il1) was recorded at a sampling rate of 20 Hz.

Evaluation of Digit Work of Flexion and Adhesions in Zone I

The 2" and 5t digits were further dissected and tested for digit work of flexion based on a
previously published technique.?> 29 Breifly, the graft in zone Il was clamped and pulled
proximally by a motor connected to a force transducer, flexing the digit, including the PIP
and DIP joints. The force, tendon motion, and digit joint anglar motion were recorded
simultaneously using motion analysis system (Motion Analysis Corporation, Santa Rosa,
CA). Work of flexion (WOF) data was calculated from the tendon displacement versus
loading curve obtained during digit flexion. The WOF was then normalized by total PIP and
DIP joint motion with a previously reported method, defined as normalized WOF
(nWOF).ZS' 29

Following WOF testing, the digit was carefully exposed in the zone Il area. The graft tendon
within the flexor sheath and adhesions around the graft were assessed by two investigators
who were blinded to treatment status (CZ and RLK), with an adhesion score ranging from 0
(no adhesions) to 8 (very severe adhesions) as described previously.3? Any disagreements in
adhesion score were resolved by consensus.

Graft Friction Measurement in Zone ||

The graft tendon was dissected in the zone 11 area with removal of any adhesions between
the graft and the surrounding tissue. The frictional force was then measured between the
graft and the proximal pulley during tendon gliding, using previously described methods.13

Distal Graft Tendon to Bone Healing Strength Test in Zone |

The distal phalanx with distal 15 mm graft stump was isolated for the evaluation of the distal
tendon to bone repair healing. The tendon stump and distal phalanx were secured with a
custom-made clamp system, which was mounted on a servohydraulic test machine (MTS,
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Minneapolis MN). The graft tendon was distracted at 20 mm/min starting until failure. Force
and actuator displacement data were recorded at a sample rate of 50 Hz. The peak force and
stiffness were determined. Stiffness was determined by calculating the slope of the linear
region of the load-displacement curve.

An additional 12 FDP tendons, prepared as for the allograft procedure, were used to test the
mechanical strength of the distal tendon to bone repair at time 0 in order to compare to the
strength 6 weeks after reconstruction. The repair procedure in this in vitro group followed
the same procedure as described above for the in vivo model.

Two graft tendons in each group were harvested immediately after sacrifice. One centimeter
segment in zone Il were dissected and assessed by calcein-AM (cal AM) and ethidium
homodimer (EthD-1) for cell viability.31 A second 1-cm segment in zone 11 from the same
dogs was evaluated with hematoxylin and eosin (H&E) staining of paraffin embedded
sections. Two samples of the distal tendon to bone insertion were also evaluated with H&E
staining following specimen decalcification.

Statistical Analysis

RESULTS

One-way ANOVA was used to analyze the differences on proximal repair adhesion breaking
strength, adhesion score, nWOT , graft friction, and distal tendon to bone healing strength
using JMP software (SAS institute Inc, Cary, NC). If a significant difference was detected
by one way ANOVA, then the Tukey Studentized range (honestly significant difference,
HSD) post hoc test was used to compare between groups. A p < 0.05 was considered
significant.

All wounds healed by primary intention without severe infection after reconstruction. In five
grafts in three dogs the distal tendon to bone attachment had ruptured. Three of these grafts
had been treated with cd-HA-Lubricin. No ruptures were observed at the proximal tendon to
tendon repair site.

The adhesion breaking strength and stiffness of the proximal repair in both graft digits were
significantly higher than in the normal contralateral FDP tendon (p < 0.05). However, the
proximal repair adhesion breaking strength and stiffness in the cd-HA-Lubricin graft digits
were significantly lower than in the saline treated graft digits (p < 0.05) (Figure 2).

The adhesion score in zone 11 in grafts treated with cd-HA-Lubricin was 0.75 £ 1.5, which
was significantly lower than the grafts that were treated with saline (3.1 £ 2.1) (p < 0.05)
(Figure 3).

The nWOF and graft frictional force in the cd-HA-Lubricin group were all significantly
lower than that in the saline group, but still higher than in the normal contralateral digit
group (p < 0.05) (Figure 4).
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The tendon gliding resistance in zone Il in the cd-HA-Lubricin graft digits was significantly
lower than in the saline graft digits, although both grafts were significantly higher than the
normal FDP contralateral tendons in gliding resistance (p < 0.05) (Figure 5).

The force to failure of the distal tendon to bone attachment in the cd-HA-Lubricin group was
significantly lower than that in saline control group and in the time-0 repair group (p < 0.05)
(Figure 6). There was no significant difference in maximal failure force between the six
week grafts treated with saline and the grafts repaired to the distal phalanx at time 0 (Figure
6). However, the stiffness of the saline grafts was significantly higher than both the grafts
treated with cd-HA-Lubricin and the grafts in the time-0 group (p < 0.05).

H&E staining (Figure 7 left column) showed that cells were distributed throughout the
tendon section in the normal FDP tendons. In contrast, cells were present only on the graft
surface in the grafts treated with either cd-HA-Lubricin or saline. Cell viability staining
demonstrated a large of amount of viable cells randomly distributed on the graft surface
(Figure 7 middle column), with no viable cells observed within the graft substance in
longitudinal sections 6 weeks after transplantation (Figure 7 right column). The distal tendon
to bone insertion in the normal FDP tendons displayed a fibrocartilage transitional zone.
However, this normal tendon to bone interface was not found in the graft tendons, regardless
of treatment method (Figure 8).

DISCUSSION

Allograft tendon has been considered an attractive alternative to an autograft for tendon or
ligament reconstruction because of its ready availability, absence of donor site morbidity,
good match of tissue type and size, and decreased operating time.32-37 In 1976, Peacock et
al. reported 11 cases of composite allograft use to restore finger flexion using the entire
flexor mechanism, including the FDP and FDS tendons, flexor sheath, and volar plate.
Although 7 of his patients regained some active finger motion, the functional outcomes were
not reported in detail.1’ The long-term immune response was also not described. Also in
1976, Iselin and Peze described a chemically preserved tendon allograft using Cialit for
flexor tendon reconstruction.1® They found that 40% of 30 FDP reconstruction resulted in
poor function due to adhesion and rupture. In a 3-year prospective study over a decade later,
Cookson BD et al. reported that Cialit preservation for allograft tissue preservation had a
high risk of contamination which led to transplant infection.38 More recently, Asencio et al.
reported two other cases of tendon allograft surgery, with encouraging results.3® However,
the surgical procedure was very complicated with an extensive exposure that resulted in
significant scarring. Thus the authors suggested this procedure should only be considered as
an alternative to amputation, after failure of more conventional tendon reconstructions.3°
Liu et al. used allograft tendons to treat flexor tendon injuries with a two-staged
reconstruction in which the silicone rod was implanted at the first stage to create a flexor
canal, and then allograft tendons were transplanted at the second stage, following removal of
the silicone rod. However, the results after 2 years follow-up functional performance was
reported as only 8% good, 71% fair and 21% poor.18 Thus, although the use of allograft
tendons for knee anterior cruciate ligament reconstruction has yielded results comparable
autografts,40: 41 the use of allografts for flexor tendon reconstruction has not achieved
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similar levels of success. Improvement in the results of flexor tendon allografts outcomes
would therefore be clinically important, and could improve the functional recovery
following complex flexor tendon injures.

In the current study, we demonstrated that surface modification with native lubricating
molecules has greatly reduced adhesion formation and improved digit function in our in vivo
model. Adhesions at the proximal repair site were also decreased compared to the saline
control grafts. On the other hand, this surface modification also interfered with graft —host
healing, as indicated by decreased repair strength and stiffness. However, the decreased
strength in the cd-HA-Lub group seemed to have no effect on the graft failure rate, with two
failures in the control group and three in the cd-HA-Lub treated group. All five failures were
due to early weight bearing, in which the load far exceeded the repair strength.

Histology showed that the native transitional fibrocartilage zone of the tendon to bone
insertion site was not reestablished in either graft group after six weeks. Since the failure
strength at the distal attachment included both repair suture holding strength and healing
strength, it is difficult to accurately assess the distal healing in the two treatment groups.
However, the stiffness of the saline control group was significantly increased compared to
the time O repair, which could imply that in this group at least there might be some degree of
healing taking place at the tendon to bone interface.

Both allograft groups appeared to undergo a surface recellularization after six weeks in vivo.
Thus, the lubricating coating did not appear to interfere with the recellularization process.
However, the cells were only found on the graft surface. Due to the dense tendon
extracellular matrix, cell migration into the tendon substance is a challenge. Although
chemical detergents have been used to increase tendon porosity for cell penetration, it has
been difficult to optimize the tendon porosity to satisfy both cell infiltration and tendon
strength requirements.42: 43

There were several limitations to the study. First, we only investigated the outcomes at one
time point, six weeks after allograft reconstruction. This period of time is relatively short for
allograft regeneration. However, a six-week follow-up was appropriate to study the adhesion
status. Second, although the cell viability was observed under confocal microscopy, a
quantitative measure such cell counting was not employed. Finally, we focused on
biomechanical and functional evaluation, and graft biochemistry assessments, such as
extracellular matrix synthesis, were not performed.

In summary, the current study presented a novel surface coating technique to improve the
functional outcomes after flexor tendon reconstruction using a decellularized native flexor
tendon as a donor allograft in canine in vivo model. The decellularized allograft and the
chemical modification did not induce any obvious immunogenetic response. The results, as
expected, showed decreased adhesion formation and improved digit function for the
allografts treated with cd-HA-Lubricin. However, some side effects were also noted. The
distal tendon to bone interface was weakened by this surface treatment. And, while a large
amount of viable cells was observed on the allografts the cells were limited to the tendon
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rface. Future studies should assess acceleration of graft regeneration and incorporation by

increasing cell penetration.
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Figure 1.
Schematic diagram of the graft with digits zones I-111. The graft in zone | and zone 11 was assessed for work of flexion and

adhesion formation. The graft in zone | was also tested for tendon to bone healing strength, and the graft in zone 11 was assessed
for graft friction. The proximal host tendon to graft repair in zone 111 was used to evaluate the adhesion breaking strength. The
graft segments in zone I, I, and |11 were also processed for histology. (DIP: distal interphalangeal joint; PIP: proximal
interphalangeal joint; MCP: metacarpophalangeal joint)
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Figure 2.
The mean and standard deviation of adhesion breaking strength and stiffness at the proximal tendon/graft repair site for normal

FDP tendon (Normal), cd-HA-Lubricin (CHL) treated, and saline treated control graft tendons. Asterisk denotes a significant
difference (p < 0.05).
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Figure 3.
The mean and standard deviation of adhesion score between cd-HA-Lubricin (CHL) and saline control group. Asterisk denotes a

significant difference (p < 0.05).
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Control

The mean and standard deviation of normalized work of flexion (nWOF) for normal digit (Normal), cd-HA-Lubricin (CHL),
and saline treated control groups. Asterisk denotes a significant difference (p < 0.05).
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Figure 5.

The mean and standard deviation of tendon gliding resistance for normal FDP tendon (Normal), cd-HA-Lubricin (CHL) treated,
and control graft tendons. Asterisk denotes a significant difference (p < 0.05).
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Figure 6.

Stiffness

The mean and standard deviation of failure strength and stiffness at the distal graft to bone attachment for time-0, cd-HA-
Lubricin (CHL) treated, and saline treated control graft tendons. Asterisk denotes a significant difference (p < 0.05).
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Figure 7.
Left column displays H&E staining of normal FDP tendon (top, left) Note that tenocytes are aligned along tendon fascicles, with

a smooth surface. The graft treated with CHL also showed a smooth surface with a cell layer attached (Center, left). No cells are
present within the CHL grafts. The saline treated graft show a rough surface with adhesion formation (bottom, left).
Middle column (tendon surface) and right column (tendon longitudinal section) show viable cells (green) identified by calcein-
AM and ethidium homodimer probe under confocal microscopy. All three groups showed a large amount of live cells on the
tendon surface. Cells are well aligned longitudinally in the normal FDP tendon (top, middle). However, the cells on both grafts
are disorganized (center, middle and bottom, middle). In the tendon longitudinal sections, there are cell layers within the normal
FDP tendon (top, right). Many dead cells (in red) were also observed on the normal tendon longitudinal section, which might be
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related to sample preparation (sectioning or manipulating) before staining that caused the cell death. No viable cells or dead
cells were observed within either graft tendons (center, right and bottom, right).
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Figure 8.
Masson-Trichrome staining image of normal FDP tendon distal insertion (A) displays a gradient of chondrocytes within the

transitional zone between tendon and bone (yellow frame). However, there was no such fibrocartilage transitional zone at the
tendon to bone interface in either graft group. Note gaps at the tendon/bone interface in the cd-HA-lubricin treated graft (yellow
arrows) compared to a solid connection at the tendon/bone interface in the saline control group (green arrows).
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