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Background: Tendon surface modification with a synthetic biopolymer, carbodiimide-derivatized hyaluronic acid and
gelatin with the addition of lubricin (CHL), has been shown to reduce gliding resistance after tendon repair in an in vitro
model. The purpose of the study was to investigate whether CHL would reduce adhesion formation and improve digital
function after flexor tendon repair in a canine model in vivo.

Methods: Sixty dogs were randomly assigned to either a biopolymer-treated group (n = 30) or an untreated control group
(n = 30). The second and fifth flexor digitorum profundus tendons from each dog were lacerated fully at the zone-II area and
then repaired. Passive synergistic motion therapy was started on the fifth postoperative day and continued until the dogs
were killed on day 10, day 21, or day 42. The repaired tendons were evaluated for adhesions, normalized work of flexion,
gliding resistance, repair strength, stiffness, and histological characteristics.

Results: The normalized work of flexion of the repaired tendons treated with CHL was significantly lower than that of the
non-CHL-treated repaired tendons at all time points (p < 0.05), and the prevalence of severe adhesions was also
significantly decreased in the CHL-treated tendons at day 42 (p < 0.05). However, the repair failure strength and stiffness
of the CHL-treated group were also significantly reduced compared with those of the control group at days 21 and 42 (p <
0.05) and the rate of tendon rupture was significantly higher in the treated group than in the control group at day 42 (p <
0.05).

Conclusions: Treatment with the lubricin-containing gel CHL appears to be an effective means of decreasing postop-
erative flexor tendon adhesions, but it is also associated with some impairment of tendon healing. Future studies will be
necessary to determine if the positive effects of CHL on adhesion formation can be maintained while reducing its adverse
effect on the structural integrity of the repaired tendon.

S
uccessful repair of lacerated flexor tendons, as indicated
by the return of normal gliding function, remains a great
challenge for the hand surgeon1-7. Clinical outcomes have

been improved through the development of new suture ma-
terial8,9, suture techniques10, and postoperative rehabilitation
protocols11-15. Despite these advances, however, adhesion for-
mation still occurs, resulting in restricted tendon gliding and
reduced hand function16,17.

Recent studies have focused on improving tendon glide
and reducing adhesions through the use of either low-friction
suture materials and methods10,18 or physical adhesion bar-

riers19, anti-adhesive reagents20, or tendon surface lubricants21-23.
One such tendon lubricant is hyaluronic acid. Carbodiimide
derivatization can be used to fix hyaluronic acid to the tendon
surface, with use of gelatin as an intermediary. This compound,
carbodiimide-derivatized hyaluronic-acid gelatin, has been
used to decrease the gliding resistance of a repaired or grafted
tendon24,25. Recently, carbodiimide-derivatized hyaluronic-acid
gelatin has also been found to reduce adhesion formation in a
flexor tendon graft model compared with that associated with
untreated grafts26. Despite these advances, full restoration of
normal digital function has not been achieved.

Disclosure: In support of their research for or preparation of this work, one or more of the authors received, in any one year, outside funding or grants in
excess of $10,000 from the National Institutes of Health/National Institute of Arthritis and Musculoskeletal and Skin Diseases (AR44391). Neither they
nor a member of their immediate families received payments or other benefits or a commitment or agreement to provide such benefits from a commercial
entity.
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Lubricin, a mucinous glycoprotein responsible for
the boundary lubrication of articular cartilage27,28, recently
has been identified on the flexor tendon surface29. It has the
same lubricating ability as normal synovial fluid in vitro. It
also has considerable anti-adhesive properties30,31 and thus
might be particularly attractive as an agent to reduce tendon
adhesions postoperatively. Lubricin added to an extra-
synovial tendon surface pretreated with carbodiimide-
derivatized hyaluronic-acid gelatin further reduces the
gliding resistance and was able to maintain a smooth tendon
surface after 1000 cycles of simulated flexion/extension
tendon motion in a canine model in vitro23. More recently,
Taguchi et al. used the same surface-modification technol-
ogy to improve the gliding ability of a repaired flexor tendon
in a canine model in vitro32. However, to the best of our
knowledge, lubricin-containing compounds have not been
tested in vivo.

The purpose of this study was to investigate the effects of
a novel compound containing lubricin, hyaluronic acid, and
gelatin after flexor tendon repair in a canine model in vivo. We
hypothesized that this compound would decrease postopera-
tive adhesion formation and improve digital function without
adverse effects.

Materials and Methods
Study Design

Sixty mixed-breed adult dogs weighing 20 to 25 kg were
used. The study was approved by our Institutional Animal

Care and Use Committee. Each dog had flexor tendon repairs
in one paw, with the dogs randomly assigned to have the
repaired tendons treated either with carbodiimide-derivatized
hyaluronic-acid gelatin and lubricin (the CHL group, n = 30)
or with no additional treatment (the control group, n = 30).
The second and fifth flexor digitorum profundus tendons
were fully lacerated and repaired in zone II. Rehabilitation
with passive digital and wrist motion was initiated at post-
operative day 5 and continued daily until the animals were
killed at day 10 (n = 20), day 21 (n = 20), or day 42 (n = 20).
The repaired tendons and the contralateral, untreated ten-
dons were analyzed with gross evaluation of adhesions; with
measurements of work of flexion to assess digital function,
gliding resistance for surface assessment, and mechanical
strength and stiffness; and with histological analysis to assess
tendon healing.

Surgical Procedure and Surface Modification
The dogs were anesthetized with intravenous ketamine and
diazepam. One randomly selected forelimb was shaved,
scrubbed with povidone-iodine, and sterilely draped. The
second and fifth flexor digitorum profundus tendons were
approached through a lateral longitudinal incision in the digit.
The flexor digitorum profundus tendons were completely
lacerated 5 mm distal to the proximal digital flexor pulley
and repaired with use of a two-strand modified Pennington
technique10 with number-3-0 Ethibond sutures (Ethicon,
Somerville, New Jersey). A simple running circumferential

epitenon suture of 6-0 nylon (Ethicon) was used to reinforce
the repair.

Following repair, the tendons in the treatment group
were treated with carbodiimide-derivatized hyaluronic-acid
gelatin and lubricin (CHL). First, a 95% solution of 1% so-
dium hyaluronate (1.5 · 106 molecular weight; Acros Or-
ganics, Geel, Belgium), 10% gelatin (Sigma Chemical, St.
Louis, Missouri), 1% 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) (Sigma Chemical), and
1% N-hydroxysuccinimide (NHS; Pierce Biotechnology,
Rockford, Illinois), in 0.1M Mes (2-[N-morpholino]ethane-
sulfonic acid) buffer (Sigma Chemical), pH 6.0, was prepared
as described by Tanaka et al.33. This compound was then used
to coat the surface of the repaired tendon. After gelation of
this compound (which took about five minutes), the excess
gel was removed by moving the repaired tendon back and
forth under the proximal pulley for five cycles. A volume of
0.2 mL of 260 mg/mL lubricin was applied to the surface of
the CHL-treated tendon. In the control group, the surface
of the repaired tendons was rinsed with saline solution only.
Incisions were closed in layers (subcutaneous tissue and skin,
without closure of the fibro-osseous sheath), and a sterile
dressing was applied to the paw.

Following flexor tendon repair, a high radial neurectomy
was performed through a lateral humeral incision. Denervation
of the elbow and wrist extensors prevented the dogs from
bearing weight on the operatively treated limb. This method
has been shown to be well tolerated, safe, and reliable34,35 and
avoids the need for a spica cast after surgery. A custom-made
soft jacket was used to maintain the surgically treated paw
under the chest. Intramuscular antibiotics were administered
perioperatively. The animals were allowed immediate cage
activity. The jacket was removed daily for wound care. Each
dog was treated with a modified passive synergistic rehabili-
tation therapy protocol. This consisted of passive wrist exten-
sion with digital joint flexion and wrist flexion with digital joint
extension for five minutes followed by passive metacarpo-
phalangeal joint extension with proximal and distal interpha-
langeal joint flexion and metacarpophalangeal joint flexion
with proximal and distal interphalangeal joint extension for
another five minutes. The therapy was started on postoperative
day 536 and continued twice a day, seven days per week, until the
animals were killed.

Gross Evaluation of Adhesions
During dissection, the repaired tendons were grossly evalu-
ated for adhesions between the tendon and its surrounding
tissues, including the flexor sheath and tendon beds.
The flexor sheath was opened through an area not included in
the operation, away from the suture site, with care taken to
avoid interfering with any adhesions between the tendon and
sheath. With loupe magnification, adhesion formation was
classified in each of two regions, between the tendon and
sheath and between the tendon and bone, and as belonging in
one of four categories: none (no adhesion observed between
the tendon and its surrounding tissues), mild (adhesion in-
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volving <2 mm of the length between the tendon and the
surrounding tissues that is easy to separate), moderate (ad-
hesion of 2 to 4 mm between the tendon and the surrounding
tissues that can be separated), or severe (adhesion of >4 mm
between the tendon and the surrounding tissues that is dif-
ficult to separate). The adhesions were evaluated and graded
by two of the investigators (C.Z. and R.L.K.), who reached a
consensus regarding the final score in each region. The eval-
uation was not blinded. While this scoring method has been
used previously for adhesion assessment35,37, we are unaware
of any formal study of its reliability.

Any gap between tendon ends was measured with cali-
pers (Mitutoyo, Tokyo, Japan) with a precision of ±0.02 mm.
The gap size was recorded as small (1 to 3 mm) or large
(>3 mm), on the basis of the work of Gelberman et al., which
showed that gaps smaller than 3 mm were not associated with
problems in tendon healing in a dog model38.

Measurement of Digital Work of Flexion
One of the two digits operated on in each paw was randomly
assigned for evaluation of digital function by measuring the
work of flexion26. The flexor digitorum profundus tendons
were carefully exposed at the proximal metacarpal level,
transected, and sutured to a cable connected to a load trans-
ducer. The repair site, surrounding tendon sheath, and overlying
skin were all preserved. A Kirschner wire was inserted lon-
gitudinally through the metacarpal and the proximal phalanx
to fix the metacarpophalangeal joint in extension. T-shaped
pins, each containing two reflective markers, were fixed to the
proximal, middle, and distal phalanges. The prepared digit
was then mounted on the testing device by fixing the proxi-
mal Kirschner wire to a custom jig (Fig. 1). The actuator
pulled the tendon proximally at a rate of 2 mm/sec, causing
digital flexion. Digital motion was recorded by two orthog-
onal video cameras, and the marker motion was analyzed by
motion analysis software (Motion Analysis Corporation,
Santa Rosa, California). The change in angle between the
distal phalangeal ‘‘T’’ and the middle phalangeal ‘‘T’’ deter-
mined the distal interphalangeal joint motion, and the
change in angle between the middle phalangeal ‘‘T’’ and the
proximal phalangeal ‘‘T’’ determined the proximal inter-
phalangeal joint motion.

Work-of-flexion data were calculated from the area
under the tendon displacement versus loading curve during
digital flexion. The end point of digital flexion is difficult to
determine on the basis of tendon excursion because of the
possibility of tendon elongation, especially at the end of full
flexion. The force/displacement data were truncated at the
point where the distal interphalangeal angle reached 40�
of flexion. A limit of 40� was chosen because it is less than,
but close to, full flexion in this canine model. In order to
precisely assess digital function, the work of flexion was di-
vided by the total number of degrees of proximal and distal
interphalangeal joint motion for normalization; this is
termed normalized work of flexion and has been discussed
previously36.

Measurement of Tendon Gliding Resistance
After measurement of the work of flexion, the repaired tendons
were further dissected, with the proximal pulley kept intact.
The repaired tendons were also evaluated at this point for gap
size, with use of calipers to measure the distance, if any, be-
tween the repaired tendon ends. The gliding resistance between
the tendon repair site and the proximal pulley was then mea-
sured with use of a custom tendon-pulley frictional testing
device, as previously described39. Briefly, the specimen with
the proximal pulley and repaired tendon was mounted on the
device with the Kirschner wire that had been used to fix the
metacarpophalangeal joint. The device consisted of one me-
chanical actuator with a linear potentiometer and load trans-
ducer that connected to the proximal end of the repaired
tendon. The second load transducer connected to the distal end
of the repaired tendon with a 500-g weight attached. The
tendon was pulled proximally by the actuator against the
weight at a rate of 2 mm/sec. The force differential between
the proximal and distal tendon ends represents the gliding
resistance.

Fig. 1

Work-of-flexion testing device. 1 = actuator; 2 = load transducer;

3 = T-shaped pin with a pair of reflective markers mounted on

the distal, middle, and proximal phalanges; 4 = specimen; 5 =

weight (50 g); and 6 = frame.
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Measurement of Repair Strength
To measure breaking strength, the repaired tendons were se-
cured to a servohydraulic testing machine (MTS Systems, Eden
Prairie, Minnesota) and distracted to failure at a rate of 20 mm/
min. A differential variable reluctance transducer (MicroStrain,
Williston, Vermont) was attached to the tendon through two
barbed pins inserted perpendicularly into the tendon to mea-
sure gap formation during testing. The repair site was centered
between the two pins. Tensile force, grip-to-grip displacement,
and gap displacement measured with the transducer were
collected at a rate of 20 Hz. The maximum breaking force was
recorded. In addition, the repair stiffness was calculated from
the slope of the linear region of the force versus gap-formation
curve (as measured with the transducer) to measure the re-
sistance to gap formation.

Histological Analysis
Two tendons in each group were evaluated histologically after
they were sectioned longitudinally through the region of the
repair site. The harvested tendons were fixed in formalin in a
clamp that preserved their original length and prevented ro-
tational distortion of the tendon during fixation. The speci-
mens were then prepared for histological evaluation by the
Mayo Histology Core Facility. Seven-micrometer-thick sec-
tions were cut from the tendons after the tendon was embed-

ded in paraffin. The sections were stained with hematoxylin
and eosin and then evaluated to note the presence of cells
bridging the tendon repair site and the appearance of the
tendon surface.

Statistical Analysis
One-way or two-way analysis of variance was used to analyze
the differences in normalized work of flexion, gliding resis-
tance, repair strength, and stiffness between the repaired ten-
dons. The factors were CHL treatment (with or without) and
three time points. With a sample size of ten, we had 80% power
at a significance level of p < 0.05 to detect a 46% change in
gliding resistance, a 37% change in ultimate strength, and a
44% change in normalized work of flexion. Effects of this
magnitude were expected to be clinically relevant, and the
sample sizes were set prior to the study.

The Fisher exact test was used to compare gap formation,
rupture, and adhesion categories between the CHL-treated and
non-CHL-treated repair specimens and also among the three
time points. We had an 80% power at a significance level of
p < 0.05 to detect an odds ratio of 6.4 or 2.9 when the sample
size in each group was twenty or sixty, respectively. Effects of
this magnitude were expected to be clinically relevant, and the
sample sizes were set prior to the study. Any p value of <0.05
was reported as significant.

TABLE I Gap Formation and Rupture by Treatment Group and Time

Control Group CHL Group

Day 10
(N = 20)

Day 21
(N = 20)

Day 42
(N = 20)

Total
(N = 60)

Day 10
(N = 20)

Day 21
(N = 20)

Day 42
(N = 20)

Total
(N = 60)

1-3 mm gap 5 5 1 11 5 2 2 9

>3 mm gap 2 1 0 3 2 2 4 8

Rupture 1 1 0* 2* 3 3 7* 13*

Total 8 7 1 16 10 7 13 30

*There was a significant difference between the CHL and control groups.

TABLE II Tendons in Different Adhesion Categories

Adhesion Category

Control Group CHL Group

Day 10 Day 21 Day 42 Total Day 10 Day 21 Day 42 Total

None 10 9 5 24 11 12 9 32

Mild 3 3 4 10 5 0 3 8

Moderate 4 2 4 10 0 2 3 5

Severe 1* 3 7* 11† 0 1 2 3†

Total 18 17 20 55‡ 16 15 17 48‡

*There was a significant difference between the time points. †There was a significant difference between the CHL and control groups. ‡Five
tendons from the control group and twelve tendons from the CHL group were excluded from adhesion scoring because of tendon rupture without
adhesions, wound dehiscence, or infection.
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Source of Funding
This study was funded by a grant from the National Institutes
of Health/National Institute of Arthritis and Musculoskeletal
and Skin Diseases (AR44391).

Results
Gross Evaluation and Adhesion

Thirteen (22%) of the sixty repaired tendons in the CHL
group ruptured, compared with two (3%) in the control

(non-CHL-treated repair) group (p < 0.05) (Table I). The
rupture rate of the CHL-treated tendons was significantly
higher than that of the control tendons at day 42 (p < 0.05).
Seventeen (28%) and fourteen (23%) of the repaired tendons

in the CHL and control groups, respectively, had gap forma-
tion. There was no significant difference in the prevalences of
either small or large gaps between the CHL-treated and control
tendons.

Five tendons from the control group and twelve tendons
from the CHL group were excluded from adhesion scoring
because of tendon rupture without adhesions, wound dehis-
cence, or infection. Sixteen (33%) of the forty-eight tendons
in the CHL group had adhesions, compared with thirty-one
(56%) of the fifty-five tendons in the control group (p < 0.05)
(Table II). Three (6%) of the forty-eight tendons in the CHL
group had severe adhesions, compared with eleven (20%) of
the fifty-five tendons in the control group (p < 0.05). In the

Fig. 2

The work of flexion normalized by the proximal interphalangeal and distal interphalangeal angle

(nWOF) of repaired flexor digitorum profundus (FDP) tendons with or without CHL treatment and of the

normal, contralateral digit at day 10, day 21, and day 42. An asterisk denotes a significant difference

(p < 0.05) among the different treatments (normal, control, and CHL) at each time point or among the

same treatments at different time points (days 10, 21, and 42). The error bars indicate one standard

deviation.

Fig. 3

The gliding resistance of repaired flexor digitorum profundus (FDP) tendons with or without CHL

treatment and of the normal, contralateral digit at day 10, day 21, and day 42. An asterisk denotes a

significant difference (p < 0.05) among the different treatments (normal, control, and CHL) at each

time point or among the same treatments at different time points (days 10, 21, and 42). The error

bars indicate one standard deviation.
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control group, there was an increasing trend for adhesion
formation with time, with adhesions seen in eight of the ten-
dons on day 10, eight on day 21, and fifteen on day 42, but these
differences were not significant. There was a similar, although
also not significant, trend in the CHL group, with adhesion
formation in five tendons (31%) on day 10, in three on day 21,
and in eight on day 42. However, in the control group, the
proportion of tendons with severe adhesions at day 42 (seven of
twenty) was significantly higher than the proportion of ten-
dons at day 10 (one of eighteen) (p < 0.05) (Table II).

Normalized Work of Flexion
The value for the normalized work of flexion of the normal
digit harvested from the untreated, contralateral paw was sig-
nificantly lower than that in both repair groups (p < 0.05). The
normalized work-of-flexion value of the CHL-treated tendons
was significantly lower than that of the non-CHL-treated re-
paired tendons at all time points (p < 0.05). In both the CHL-
treated and the non-CHL-treated repaired-tendon groups, the
normalized work-of-flexion value at day 42 was significantly
higher than that at day 21 and that at day 10 (p < 0.05). There

Fig. 4

The breaking strength of the repaired tendons with or without CHL treatment at day 10, day 21, and

day 42. An asterisk denotes a significant difference (p < 0.05) between the different treatments

(control and CHL) at each time point or among the same treatments at different time points (days 10,

21, and 42). The error bars indicate one standard deviation.

Fig. 5

The stiffness of the repaired tendons with or without CHL at day 10, day 21, and day 42. An asterisk

denotes a significant difference (p < 0.05) between the different treatments (control and CHL) at

each time point or among the same treatments at different time points (days 10, 21, and 42). The

error bars indicate one standard deviation.
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was also a significant difference between day 21 and day 10 in
these groups (Fig. 2).

Gliding Resistance, Repair Strength, and
Histological Findings
The gliding resistance of the repaired tendons in both the CHL-
treated and the non-CHL-treated group was significantly higher
than the gliding resistance of the normal contralateral flexor
digitorum profundus tendon (p < 0.05). There was no significant
difference in gliding resistance between the CHL and control
groups at any time point (Fig. 3).

The value for maximum breaking strength in the CHL
group was significantly lower than that in the control group at
day 21 and day 42 (p < 0.05), but not at day 10. The value for
stiffness in the CHL group was significantly lower than that in
the control group at all time points (p < 0.05). In both the CHL
and control groups, the maximum breaking strength and
stiffness at day 42 were significantly greater than those at day
21 and day 10 (p < 0.05). However, there was not a significant
difference between day 21 and day 10 (Figs. 4 and 5). No
slippage of the differential variable reluctance transducer was
observed during testing.

Histologically, the CHL-treated tendons displayed evi-
dence of delayed healing, with large gaps visible between the
repaired tendon ends, even at day 42. The repaired tendons that
were not treated with CHL showed progressive healing, with
cellular bridging of the repair site by day 42 (Fig. 6).

Discussion

As we hypothesized, CHL effectively decreased adhesion
formation after flexor tendon repair up to six weeks

postoperatively, leading to improved digital function compared
with that of the repaired tendon without CHL treatment. This
beneficial effect may be due to several factors, including in-
creased lubrication of the gliding surface, a smoother gliding
surface, and the intrinsic anti-adhesive properties of CHL. In-
creased gliding ability has been shown to promote more ef-
fective postoperative rehabilitation18, and a smoother surface
may decrease the potential for adhesions forming on tendon
surfaces40. Recently, Chang et al. studied the anti-adhesive
properties of lubricin with atomic force microscopy and dem-
onstrated that lubricin develops strong repulsive interactions
between two surfaces as a result of its amphiphilic and adsorbing
properties to either hydrophobic or hydrophilic surfaces31. In
addition to its physical properties, the biological anti-adhesive
behavior of lubricin has been previously demonstrated by its
prevention of cartilage repair of large defects30,41. Using a cartilage
repair ex vivo model, Englert et al. demonstrated that lubricin
has the desirable effect of preventing fusion of apposing surfaces
of articulating cartilage but has the undesirable effect of in-
hibiting integrative cartilage repair30. To our knowledge, the
current study is the first to show that these phenomena also
occur in vivo in tendon repairs, with both the favorable result of
reducing adhesions and the unfavorable result of inhibiting in-
trinsic and extrinsic tendon healing.

We measured two different aspects of tendon function in
this study: gliding resistance (a proxy for friction) and work of
flexion (a composite measure including not only friction but
also adhesions, joint stiffness, and the weight of the digit). We
believe that the gliding resistance measured in the current study
was mainly affected by two factors, one favorable—namely,
the lubricant attached onto the tendon surface—and one

Fig. 6

Representative histological sections showing delayed healing and gap formation at the repair site in the CHL-treated tendons

(Cd-HA-Lu) (hematoxylin and eosin, ·40). Although epitenon cell proliferation can be observed on the tendon surface near the

repair site on day 42 in the CHL-treated tendons, the cell layers are clearly separated from the tendon surface (black arrows).

In contrast, the healing is more advanced in the corresponding non-CHL-treated repaired tendons.

1459

TH E J O U R N A L O F B O N E & JO I N T SU R G E RY d J B J S . O R G

VO LU M E 92-A d NU M B E R 6 d J U N E 2010
EF F E C T S O F A LU B R I C I N -CO N TA I N I N G CO M P O U N D O N T H E RE S U LT S

O F F L E XO R TE N D O N RE PA I R I N A CA N I N E M O D E L I N VI VO



unfavorable—namely, the tendon surface roughness resulting
from the laceration and sutures39. Although the gliding resis-
tance of the repaired flexor tendon was decreased after CHL
surface modification in vitro32, we did not observe this effect at
ten days or longer in vivo. One possible explanation for the
difference between the in vitro and in vivo results is lubricin
degradation in vivo, which is supported by the observation that
the half life of lubricin is about six days42. Also, in their in vitro
study, Taguchi et al.32 determined the effect of lubricin on
gliding resistance by comparing data from before and after
surface modification of the same repaired tendons. This nor-
malized comparison method eliminates variation due to the
repair technique among different individual tendons and re-
pairs, which could have a greater effect than CHL. In vivo, it is
unfortunately not possible to measure the gliding resistance
after repair but before application of the CHL, as the mea-
surement can be obtained only after the digit is amputated
from the original specimen. Because Taguchi et al. performed
their evaluations within digits, their study had far greater power
than ours, which examined differences between digits. While
we could have matched their power by increasing the number
of experimental animals, we judged the costs, both financial
and in terms of animal use, not to be worth the potential
benefits of increased statistical power.

We believe that the higher rupture rate and lower work-
of-flexion values (a measure of adhesion breaking strength) can
both be explained by the use of lubricin in our CHL formu-
lation. Lubricin has both lubricating and anti-adhesive prop-
erties. When lubricin is applied to the tendon surface, these
properties appear to effectively reduce adhesion formation. It
also blocks any extrinsic source of tendon healing. Should some
of the CHL enter the repair site, it could just as easily block
adhesion of the healing tendon ends to each other—i.e., block
the intrinsic tendon-healing mechanism. We believe that there
was indeed such leakage into the repair site in some of our
cases, despite our best efforts to exclude the CHL from the
repair site itself. Clearly, this is a problem that must be ad-
dressed before a compound like CHL can be used clinically. If it
is used as designed and if it is effective when so used, extrinsic
healing is essentially blocked, leaving intrinsic healing as the
only available repair method.

If the desired effect of CHL treatment is to block adhe-
sions (and therefore extrinsic healing, which is mediated by
adhesions), it becomes critically important that the intrinsic
healing mechanism be maintained and, if possible, augmented.
Enhancement of flexor tendon intrinsic healing combined with
better protection of the lacerated tendon ends from CHL
leakage would be one strategy for providing low-friction tendon

junctures. Cell-based and growth-factor-based therapies have
recently demonstrated encouraging results in terms of speeding
tendon healing43,44. Gelatin is an appropriate medium to carry
and deliver cells and/or growth factors to the laceration site45,46. A
gelatin ‘‘patch’’ could also seal the repair site to prevent CHL
intrusion. Additional studies are necessary to investigate this
strategy and to determine if it would improve outcomes after
flexor tendon repair with CHL surface modification.

This study had several other limitations. First, although
we carried out histological evaluations, we did not perform
immunohistochemistry staining to assess for residual lubricin
on the tendon surfaces after the surgery. Second, we did not
analyze other tendon biomarkers, such as type-I and III col-
lagen, as we focused on the biomechanical evaluations. Finally,
we did not compare CHL with other possible treatments and
thus are unable to sort out the effects of hyaluronic acid and
lubricin individually. However, a previous study of an in vivo
tendon graft model by Tanaka et al. demonstrated that car-
bodiimide-derivatized hyaluronic acid had no adverse effects
on either healing at the distal tendon-bone interface or graft
cellularity47.

In conclusion, CHL surface treatment significantly de-
creased the prevalence of postoperative adhesions and im-
proved digital function in our canine in vivo model of flexor
tendon repair. However, these positive outcomes of CHL were
achieved at the cost of impaired tendon healing, decreasing the
repair strength and significantly increasing the rate of gapping
and rupture of the repairs. Future research is needed to in-
vestigate potential methods of eliminating these adverse effects
of CHL on tendon healing while preserving its anti-adhesive
properties. n
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