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Abstract
The purpose of this study was to evaluate whether treatment time and concentration of these
reagents have an effect on the resulting gliding resistance. Forty peroneus longus (PL) tendons
were used, from 20 adult mongrel dogs, along with the A2 pulley obtained from the ipsilateral
hind paw. After the baseline gliding resistance was measured, the PL tendons were treated with
one of three concentrations of hyaluronic acid (HA) and 1-ethyl-3-[3-dimethylaminopropyl]
carbodiimide hydrochloride (EDC) or N-hydroxysuccinimide (NHS) mixed with 10% gelatin for
various times (5, 30, and 60 min). Tendon friction was measured over 1000 cycles of simulated
flexion/extension motion. Gliding resistance of the untreated PL tendons had no significant
difference among the groups. After surface treatment with low concentration of HA and EDC/
NHS for 5-min cure, the gliding resistance was similar to that of the untreated PL tendon and
significantly higher than its 30- and 60-min treatment. For the rest of high concentration of HA
and EDC/NHS groups, the gliding resistance was lower than that of untreated PL tendon.
However, there was no significant difference among the timing points. It is possible to optimize
the effect of surface treatment on friction and durability by regulating cure time and concentration
of reagents in a canine extrasynovial tendon in vitro.
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INTRODUCTION
Adhesion formation after tendon suture and grafting is a common postoperative
complication.1 Clinically, most tendon grafts are obtained from extrasynovial tendon
sources and are used in a synovial environment, that is, a tendon system including a
synovially lined sheath. Tendon grafts from extrasynovial sources are known to develop
adhesions to a greater extent than grafts from intrasynovial sources.2,3 However, the
availability of intrasynovial tendon for a donor graft is limited.

The carbodiimide derivatization (CD) reaction can extend hyaluronic acid (HA) half-life and
can strengthen HA binding ability on the tendon surface.4–6 The reaction involves the
activation of the carboxyl groups by a water-soluble carbodiimide such as 1-ethyl-3-[3-
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dimethylaminopropyl] carbodiimide hydrochloride (EDC), which activates the carboxyl
groups of the HA molecule and forms the intermediate O-acylisourea. This intermediary can
then bind chemically to any exposed amino groups, such as those that exist in the
collagenous tendon matrix, forming a new collagen-HA polymer, fixed to the tendon
surface. Agents such as N-hydroxysuccinimide (NHS) can enhance the coupling efficiencies
of this reaction.7

Studies of peroneus longus (PL) tendon treated with CD–gelatin HA have shown that this
modification can reduce friction after repeated motion to a level similar to that of normal
intrasynovial tendon.8 However, the effect of reaction time was not studied. It is important
to minimize the impact of any innovation on operating time. In addition, there have been no
systematic studies of the effectiveness of differing combinations of the concentrations of
these reagents on the friction-reducing ability of the resulting compound.

The purpose of this study was to find the minimal interval to effectively modify a tendon
graft to reduce friction in an in vitro canine model of simulated tendon grafting. The results
will be important for surgical procedures that use this methodology in the future.

MATERIALS AND METHODS
Peroneus longus (PL) tendons (n = 40) were harvested from 20 adult mongrel dogs. The
dogs had been killed for other IACUC-approved projects. The superficial aspect of the
paratenon was carefully removed, as recommended clinically when extrasynovial tendons
are used for tendon grafting.9,10 Care was taken not to injure the tendon surface. The second
digit was dissected from each hind paw. The proximal and middle phalanges were obtained
by disarticulating the metacarpophalangeal joint and distal interphalangeal joint. The A2
pulley was carefully preserved. The flexor digitorum superficialis was cut just at the
proximal edge of the proximal phalanx to ensure that only the FDP would glide [Fig. 1(A)].
To simplify the measurement of its interaction with the FDS,11,12 a 1.8-mm Kirschner wire
was inserted through the PIP joint to maintain it in an extended position.11,13

Treatment of the extrasynovial tendon by CD-HA
The reaction components included sodium hyaluronate (HA), 95%, >1.5 × 106 Mw, from the
fermentation of Streptococcus equi zooepidemicus (Acros Organics, Pittsburgh, PA), gelatin
(from porcine skin, Sigma Chemical, St. Louis, MO), 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC; Sigma), and N-hydroxysuccinimide (NHS; Pierce,
Rockford, IL) in a saline solution [0.9% NaCl, 0.1 M 2-(N-Morpholion) ethanesulfonic acid
(MES, pH 6.0; Sigma)]. MES was used to control the pH of the saline.8 HA, EDC, and NHS
were first mixed and put into a syringe, and the 10% gelatin was put into another syringe.
These two syringes were connected with one common needle and were injected
simultaneously into one dish; the tendons were then dipped into this mixture.8 All tendons
were immersed for 30 s in their respective HA-gelatin combinations at 37°C, were allowed
to ‘cure’ for the respective time (5, 30, or 60 min) in a smooth rubber sheet (a section of the
elastic bandage used to exsanguinate the limb), within a saline moistened towel to keep the
tendon hydrated until grafting, and were then tested. During the cure time, the carbodiimide
derivatization reaction was progressing in the moist environment. At the end of that time,
excess reagent was washed off and the tendon was tested.

The gliding resistance was first measured for the normal PL tendons. The PL tendons were
then randomly divided into 10 treatment groups of four tendons each (Table I).
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Measurement of frictional force
The gliding resistance test was performed between the PL tendon and the ipsilateral
proximal pulley of the 2nd digit in a custom testing jig, as described previously8,12,14 [Fig.
1(B)], with the proximal tendon at an angle of 30° from the horizontal, and the distal tendon
at an angle of 20° from the horizontal, and a distal load of 4.9 N. Immediately after
treatment, the tendon was placed in a saline bath (ISOTEMP 202, Fisher Scientific,
Houston, TX) at 37°C for testing. Testing time was ~20 min. The excursion distance was 14
mm, an average distance for canine digital flexor tendon excursion.12 The rate of movement
was 2 mm/s. Gliding resistance between the tendon and proximal pulley was recorded until
200 cycles, after every 25 cycles from 200 to 1000. The reading from the load transducers
and the corresponding excursion were recorded by a computer workstation at a sampling
rate of 20 Hz. The tendon gliding resistance over the total excursion was summarized by
averaging the results from flexion and extension and was calculated as (F2flexion –
F2extension)/2.

Statistical analysis
Two-way ANOVA was used to compare the friction data among the nine groups excluding
group D (control) after 1000 cycles. For effects of interest, difference in means and 95%
confidence intervals were determined. A p-value of less than 0.05 was considered to indicate
statistical significance in all cases. The analyses were performed with JMP 4 software (SAS
Institute).

RESULTS
The gliding resistance of the tendons before surface treatment was not significantly different
among the 10 groups of tendons (Fig. 2).

After treatment, the physical appearance of the tendons changed somewhat, as the coating
provided a slippery surface that was initially a few millimeters thick on removing the tendon
from the saline soaked towel. However, this appeared to be simply excess reaction materials,
as the thick coating was removed by the first few repetitions, during which gliding resistance
varied somewhat (Fig. 3). After that, the resistance stabilized for the remainder of testing.
Tendon stiffness was grossly similar before and after treatment, and there was no visible
swelling or shrinking of the tendon itself.

After 1000 cycles, gliding resistance of group A5 (0.91 N) was similar to the untreated PL
tendon (0.81 N) (group D). The gliding resistances for groups A30 and A60 were less than
0.31 N and significantly less than the values for groups A5 (p < 0.05) (Fig. 4). However, in
groups A30 and A60, the gliding resistance gradually increased over the 1000 cycles of
motion. In group B, the gliding resistances of B5, B30, and B60 remained stably low (<0.14
N) up to 1000 cycles (Fig. 5). In group C, C5, and C60 was stably low (<0.15 N) but the
gliding resistance of C30 gradually increased to 0.21 N (Fig. 6).

There were significant differences in gliding resistance due to treatment time and surface
treatment. There was also a significant interaction between the two main effects (Fig. 7)
after 1000 cycles.

DISCUSSION
The carbodiimide derivatization, a chemical modification of HA, has been used clinically
for many years, usually in the form of prefabricated films. More recently, the use of this
reaction in situ has been investigated in vitro, as a treatment to improve the gliding of a
tendon graft.8,12,15 Momose et al. reported that treated (1% HA, 1% EDC, 1.5% NHS)
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tendons had a significantly lower gliding resistance than the untreated and unmodified HA-
treated tendons.12 However, their experiment was only for 100 cycles of flexion/extension
and the treatment time was 2 h, which is rather long for clinical use. Sun et al. added gelatin
to the reaction mixture (1% HA, 0.25% EDC/NHS, 10% gelatin) and showed that treated
tendons had significantly lower gliding resistance than untreated or carbodimide derivatized
HA treated tendons after 500 cycles in a canine model,8 with a 1 h treatment time.

Since it has been shown that the carbodiimide-driven cross-linking reaction of amino and
carboxyl groups progresses for 12 h,16 it is pertinent to know at what point sufficient
crosslinking has occurred to prevent abrasion of the linked compounds with clinically
relevant motion. The answer to this question will determine how long the ex vivo reaction
must proceed before implantation. After implantation, the reaction may continue, but if the
lubricating compound is not sufficiently fixed, in vivo motion will remove it prematurely.
We have found that in this tendon surface treatment, a lower EDC/NHS concentration
requires a longer reaction time for initial fixation, while with higher concentrations of EDC
and NHS even a 5-min fixation time is sufficient to improve gliding resistance and to protect
from subsequent abrasion with 1000 repetitions of simulated motion.

Sun et al. obtained a significantly lower gliding resistance than that noted in previous
reports.8 While previous studies had used hyaluronic acid from rooster comb, Sun and
coworkers used hyaluronic acid from Streptococcus equi zooepidemicus and added gelatin
to the reaction mixture.8,17 However, Sun and coworkers only tested one combination of
reagents (1% HA, 0.25% EDC/NHS, 10% gelatin).17 On the basis of the current in vitro
study, we believe that the concentration of HA and any reactive agents are critical factors in
determining the ultimate HA persistence after repetitive motion, and that the effect of the
concentration of the EDC and NHS has a more important role than that of the HA in this
regard. On the basis of our data, 0.5% HA, 0.25% EDC/NHS, and 10% gelatin (group A),
0.5% HA, 1% EDC/NHS, and 10% gelatin (group B), and 1% HA, 1% NHS/EDC, and 10%
gelatin (group C) were the most effective combinations to reduce friction, enhance binding
strength, and increase the residual HA on the tendon surface after 1000 flexion–extension
cycles in vitro. This study showed that groups B and C were not dependent upon the reaction
time.

We wished to select a number of repetitions large enough to provide an opportunity to
abrade away the test preparation, while being mindful of the fact that extended simulations
in vitro may not be relevant to in vivo conditions. 1000 cycles is a round number, and the
testing could be completed in roughly 20 min. The rate, less than 1 Hz, is in the
physiological range. As most postoperative tendon therapy regimens suggest 10 or more
hourly repetitions, this number of cycles would be experienced in the critical first week after
surgery, when adhesions begin to form.12

Repetitive cycling alters the viscoelasticity of the tendon, may affect the swelling/shrinking
or other tendon properties, and could thereby affect our resistance measures. Indeed, we
noted changes in the first five cycles which may well represent viscoelastic conditioning.
After that, the results were very consistent, suggesting that further viscoelastic changes did
not take place.

The principal limitation of this study is that it was performed in vitro. Thus, no effect of
enzymatic digestion of our preparation could be observed, and the effect of this surface
treatment on tendon viability and healing could not be assessed. The strength of this study is
that we have studied a clinically relevant treatment which can improve the gliding resistance
of tendon grafts and have shown that as little as 5 min ex situ is sufficient set up time to
avoid abrasion of the curing surface treatment in situ. This is important, as it makes clinical
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application of intra-operative surface treatment practical. We plan to evaluate this possibility
in vivo in future studies.
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Figure 1.
The schema of the specimen. The flexor digitorum superficialis was cut at the proximal edge
of proximal phalanx to ensure a smooth gliding bed for the FDP. B: Testing apparatus for
the measurement of gliding resistance between the tendon and pulley. The measurement was
carried out in a saline bath at 37°C. The tendon was pulled proximally by the actuator
against the weight at a rate of 2.0 mm/s.
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Figure 2.
Gliding resistance of PL tendon before surface treatment.
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Figure 3.
Gliding resistance from 0 to 100 cycles. The x-axis is not equally spaced to show detail at
the earlier cycles.

Tanaka et al. Page 9

J Biomed Mater Res A. Author manuscript; available in PMC 2013 September 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Group A: Gliding resistance of PL tendon treated (0.5% HA, 0.25% EDC/NHS) under
various times and control.
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Figure 5.
Group B: Gliding resistance of PL tendon treated (0.5% HA, 1% EDC/NHS) under various
times and control.
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Figure 6.
Group C: Gliding resistance of PL tendon treated (1% HA, 1% EDC/NHS) under various
times and control.
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Figure 7.
Gliding resistance of PL tendon after treatment at 1000 cycles. There were significant
differences in friction due to time and treatment group and the interaction between time and
treatment group was significant (p < 0.05).
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TABLE I

Testing Group

Group Gelatin
(%)

HA
(%)

EDC
(%)

NHS
(%)

Exposure
(s)

Cure
(min)

A5 10 0.5 0.25 0.25 30 5

A30 10 0.5 0.25 0.25 30 30

A60 10 0.5 0.25 0.25 30 60

B5 10 0.5 1 1 30 5

B30 10 0.5 1 1 30 30

B60 10 0.5 1 1 30 60

C5 10 1 1 1 30 5

C30 10 1 1 1 30 30

C60 10 1 1 1 30 60

D 0 0 0 0 0 60

“Exposure” is the time that the tendons were immersed in one of the HA-gelatin combinations at 37°C. “Cure” is the time after treatment that these
tendons were kept at 37°C before implantation.
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