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Abstract

Purpose—To investigate the gliding ability and mechanical properties of decellularized
intrasynovial tendons without and with surface modification designed to reduce gliding resistance.

Methods—Thirty-three canine flexor digitorum profundus tendons were randomly assigned to
one of 3 groups: untreated fresh tendons, to serve as a control; tendons decellularized with trypsin
and Triton X-100; and tendons decellularized as in group 2 with surface modification using
carbodiimide-derivatized hyaluronic acid and gelatin (cd- HA-gelatin). Tendons were subjected to
cyclic friction testing for 1000 cycles with subsequent tensile stiffness testing. The surface
roughness after 1000 cycles was qualitatively evaluated using scanning electron microscopy.

Results—The gliding resistance of the decellularized group was significantly higher than that of
both the control and cd-HA-gelatin tendons (0.20N, 0.09N and 0.11N after the first cycle, 0.41N,
0.09N and 0.14N after 1000 cycles, respectively).Gliding resistance between the control and cd-
HA-gelatin groups was not significantly different. The Young modulus was not significantly
different between the 3 groups. The surfaces of the control and cd-HA-gelatin treated tendons
appeared smooth after 1000 cycles, while those of the decellularized tendons appeared rougher
under scanning electron microscopy observation.

Conclusions—Decellularization with trypsin and Triton X-100 did not change tendon stiffness.
However, this treatment, while effective in removing cells, adversely altered the tendon surface,
both in appearance and gliding resistance. Surface modification with cd- HA-gelatin improved the
tendon surface smoothness and significantly decreased the gliding resistance.

Clinical Relevance—The combination of decellularization and surface modification may
improve the function of tendon allografts when used clinically.
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INTRODUCTION

Repair of intrasynovial flexor tendon injury in the fingers (zone Il) remains a challenge for
hand surgeons[1, 2]. New suture materials[3, 4], suture techniques[5, 6], and postoperative
rehabilitation protocols[7] have improved clinical outcomes after primary repair.

Unfortunately, primary repair is not always possible, and, when performed, not always
successful. In complex injuries, in situations where the primary repair cannot be performed,
or if the primary repair fails, tendon grafts may be indicated to restore digit function.
Currently, extrasynovial tendons, such as the palmaris longus, plantaris, and toe extensor
tendons, are most commonly used as sources of tendon autografts because of their relative
ease of harvest and availability[8, 9]. However, these donor tendons do not match the
functional and anatomic characteristics of the intrasynovial flexor tendons that they are
intended to replace[10]. Extrasynovial tendon grafts do not have specially adapted gliding
surfaces, and grafting of extrasynovial tendons results in more adhesions and scarring than is
typical of intrasynovial tendon grafts[11-13]. Additionally, while intrasynovial tendon
autografts of suitable size and shape are readily available in animal models, they are rarely
available clinically. Toe flexors have a much shorter intrasynovial segment than does a
finger flexor, and the intrasynovial portion of a finger extensor at the wrist is not only
shorter but not positioned at the tendon end. In addition, harvest of intrasynovial autografts
often results in donor-site morbidity and prolonged operative time[14]. Finally, in cases of
multiple tendon injuries, the need for intrasynovial tendon grafts might exceed the limited

supply[15].

Intrasynovial allografts may prove to be valuable substitutes. Intrasynovial tendon allografts
can be matched for size and shape to donor site needs, and, if harvested from the same
anatomic location as the recipient site, can be assumed to have mechanical properties similar
to those of the tendon being replaced. However, allografts may induce an immunologic
reaction. To reduce immunogenicity, allografts are commonly processed to reduce the
presence of donor cells within the transplanted tissue[16]. These processes may, however,
adversely affect mechanical function[17].

Less is known about the effect of these treatments on gliding resistance, but previous studies
have shown that treatment with trypsin does increase tendon gliding resistance[18]. Concern
exists that allograft processing, which also uses trypsin, might have a similar effect.
Fortunately, chemical modification of the tendon surface with carbodiimide-derivatized
hyaluronic acid combined with gelatin (cd-HA gelatin) has been shown to reduce tendon
gliding resistance in vitro[19, 20]. Such treatment can also reduce adhesion formation in
animal models of tendon reconstruction in vivo[21].

This study investigated the gliding ability of decellularized intrasynovial tendons with and
without surface modification with cd-HA gelatin. We had 2 hypotheses. First,
decellularization of the intrasynovial flexor tendon with trypsin and Triton X-100 would not
change the Young modulus of the tendon but would increase gliding resistance compared
with normal intrasynovial flexor tendon. Second, surface modification with cd- HA-gelatin
would improve the gliding resistance of decellularized intrasynovial flexor tendon.

MATERIALS AND METHODS

Flexor digitorum profundus (FDP) tendons were harvested post mortem from mixed-breed
dogs killed for other Institutional Animal Care and Use Committee approved studies. These
studies involved surgery on 1 forepaw only. The dogs were otherwise healthy, and no
systemic drugs were being used at the time of death.
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A total of 37 FDP tendons from the hindpaw digits of 5 dogs were randomly assigned to one
of 3 groups untreated, unprocessed fresh tendons, to serve as a control group; tendons
decellularized with trypsin and Triton X-100; and tendons decellularized as in group 2and
then treated with carbodiimide-derivatized hyaluronic acid and gelatin (cd-HA (hyaluronic
acid)-gelatin) surface modification to improve gliding resistance. In each group, 8 tendons
were used for mechanical testing, and 3 tendons were used for scanning electron microscopy
(SEM) evaluation. In addition, 4 tendons (3 decellularized tendons and 1 normal tendon)
were studied histologically to assess cellularity after the decellularization treatment.

Flexor Tendon Harvest

Tendons were divided distally at the bony insertion and proximally just distal to the
common FDP tendon, at which level the 4 digital FDP tendons fuse together. Respective
digits were disarticulated and prepared for friction testing, with each tendon sliding against
its own pulley. In order to compare the findings in fresh tendons as compared to processed
allografts, in which freezing and thawing is part of the preparation, tendons in the normal
group were assessed immediately after harvest. The remaining tendons were frozen at —80°
C until further use.

Decellularization of Tendon

Frozen tendons were thawed at room temperature. They were then immersed in trypsin
0.05% / 0.53mM ethylenediaminetetraacetic acid for 24 hours at 37° C followed by Triton
X-100 0.5% for 24 hours at room temperature[22, 23]. Decellularized tendon scaffolds were
washed in phosphate buffered saline for 1 hour and stored at —80° C until biomechanical
testing.

Treatment of Tendons with cd-HA-Gelatin

For the cd-HA-gelatin treatment group, the decellularized tendons were immersed in a
solution of 1% sodium hyaluronate (95%; Acros, Geel, Belgium), 1% 1-ethyl 1-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC; Sigma Chemical, St. Louis,
Missouri), 1% N-hydroxysuccinimide (NHS; Pierce Biotechnology, Rockford, Illinois), and
10% gelatin (from porcine skin; Sigma Chemical) in 0.1 M Mes 2-
[morpholino]ethanesulfonic acid buffered saline solution (Sigma Chemical), pH 6.0, for 1
minute. After surface treatment, tendons were wrapped in aluminum foil for 10 minutes at
37° C for gelation and to maintain hydration until friction testing[20]. Excess reagent was
removed with a saline wash, and frictional testing was then performed.

Measurement of Gliding Resistance

Gliding resistance between each FDP and its middle and proximal phalanx with intact
proximal pulley was measured using previously described methods[24, 25]. The gliding
resistance measurement system consisted of 1 mechanical actuator with a linear
potentiometer, 2 tensile load transducers, and a mechanical pulley[26] (Fig. 1).

The tendon was pulled by the actuator against the weight at a rate of 2 mm/second. The
excursion distance was set at 14 mm, which is the normal canine FDP excursion[27]. The
gliding resistance was calculated as previously described[28]. The first 2 cycles of testing
was used for preconditioning. The data were then recorded after every 50 cycles up to 500
cycles and then every 100 cycles up to 1000 cycles[29].

Biomechanical Assessment

After the gliding resistance testing was completed, the Young modulus was assessed. The
tendon was mounted on a servo-hydraulic testing machine (MTS 858 Mini Bionix Il, Eden
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Prairie, MN). The tendon region ranging between a point just proximal to the proximal
pulley and 2 cm distal to that point was included in the gage length, with tissue adjacent to
the region gripped in the clamps. Before testing, cross-section dimensions of each tendon
were measured with a digital caliper (RS 232, Brantford, Canada). This caliper has a rated
accuracy of 0.02mm and resolution of 0.01mm. Measurements were obtained at 3 different
levels (proximal end, distal end, and midpoint). Area was calculated based on the
assumption that the tendon cross-section was elliptical in shape. The cross-sectional area of
the tendon was considered to be the average of the 3 levels. At the start of each test, the
tendon was preconditioned with 10 cycles of loading from 10 to 50 N at a rate of 20 mm/
min. Following the tenth cycle, the tendon was distracted until failure at a rate of 20 mm/
min. Throughout testing, the tendon was kept moist with a saline mist. Force and
displacement data were recorded at a sample rate of 20 Hz. The Young modulus was
calculated from the slope of the linear region of the stress-strain curve.

To evaluate cellularity after our processing method, 3 full-length tendons were
decellularized and examined histologically. One normal tendon was used as a control. These
tendons were divided into thirds. Two cm segments of the distal, middle, and proximal
regions of the tendon from each group were embedded in optical cutting temperature
compound (Tissue-Tec, Sakura Finetek, Japan) and cut longitudinally at a thickness of 7 um
with a cryostat (Leica CM 1850, Wetzlar, Germany). The sections were stained with
hematoxylin and eosin. The cellularity and gross appearance were noted at 200x in 8
randomly selected sections from each segment.

Scanning Electron Microscopy

Following 1000 cycles of gliding motion, 3 tendons per group were prepared for scanning
electron microscopy (SEM). The selected tendons were first fixed using Trump fixative, a
solution of buffered glutaraldehyde and formaldehyde, and then washed in phosphate-
buffered saline solution. After dehydration in a graded ethanol series, the samples were
critical-point dried and coated with gold-palladium alloy. They were then examined by SEM
(Hitachi S-4700 FE-SEM; Japan) using secondary electron mode at 3 kV. The surface of the
tendon subjected to friction contact was qualitatively evaluated for smoothness.

Statistical Analysis

RESULTS

The mean and standard deviation of the gliding resistance, cross-sectional area. and Young
modulus were determined for each group. Gliding resistance, cross-sectional area and
Young modulus were compared among the 3 groups with 1-way factorial analysis of
variance. The Tukey-Kramer post hoc test for each pairwise comparison was performed if a
significant difference was detected. The significance level was set at £<0.05 in all cases. The
sample size of 8, used for our mechanical testing, was sufficient to detect large differences
(effect size of 1 or more) with a power (1-f) of 0.80.

The gliding resistance of the decellularized tendon group gradually increased with cycle
number. There was a significant difference in gliding resistance between the first and 1000th
cycle. The gliding resistance of the normal tendon group and the cd-HA-gelatin group did
not change significantly over 1000 cycles (Fig. 2 and 3).

The gliding resistance of the decellularized tendon group was significantly higher than that
of the normal tendon group and of the cd-HA-gelatin group at each measurement point, (all
F<0.05). In contrast, there was no significant difference between the gliding resistance of the
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normal tendons and decellularized tendons treated with cd- HA-gelatin at any measurement
point.

The cross-sectional area of the decellularized tendon group was 3.98 (SD 0.65 mm2. This
was significantly different than both the normal tendon group and the cd-HA-gelatin group
(P<0.05) (3.27 mm?2 (SD 0.45) and 2.91 mm? (SD 0.22), respectively). All failures occurred
at the clamp. Slippage of the tendon at the grip site occurred in 2 tendons in each group. All
other tendons failed by breakage at the clamp.

The Young modulus was not significantly different between the 3 groups (£=0.39).

On histology at 200x magnification no cells were seen in any segment of the specimens
treated with trypsin and Triton X-100 (Fig. 4, A and B), so quantitative cell counting was
not done. Scanning electron microscopy showed that the surface of the normal tendon and
cd-HA-gelatin modified tendon had a similar appearance after 1000 cycles of repetitive
movement, but the surface of the decellularized tendon was more irregular in appearance
(Fig. 4C).

DISCUSSION

The ideal intrasynovial tendon graft would be readily acquired, biocompatible, and would
have mechanical properties resembling native intrasynovial tendons. The intrasynovial
tendon allograft approaches this ideal, as it can be readily acquired, and, since it is itself an
intrasynovial tendon, would have a similar size, shape, and mechanical properties as a native
tendon; but its biocompatibility is compromised by its allogeneic nature. Processing
techniques to reduce immunogenicity of allograft tissue includes freeze-thaw repetition[30],
treatment with tri(n-butyl) phosphate [31], treatment with sodium dodecyl sulfate [32] or
treatment with trypsin and Triton X-100[33]. We chose trypsin and Triton X for 2 reasons.
Others have shown that Triton X results in less depletion of glycosaminoglycans than other
treatment[16], and, in preliminary work for this project, we tried SDS and found that it did
not fully remove cellular and nuclear debris.

In this study, treatment with trypsin and Triton X-100 did not change the Young modulus,
consistent with the findings of Chong et al[33]. Retention of mechanical properties after
decellularization is important for suture retention and load transfer.

Treatment with trypsin and Triton X-100 did increase the gliding resistance. Previous
studies have shown that removal of lubricants on the tendon surface by trypsin treatment
increase tendon gliding resistance[18]. This increase in gliding resistance is a potential
clinical disadvantage, since higher gliding resistance is associated with increased adhesions
in vivo animal studies[34-36]. Our data also showed that surface modification with cd-HA
gelatin resulted in a smoother appearing surface and a significantly lower gliding resistance
than with decellularized but untreated tendons.

There are several limitations to this study. First, this was not an in vivo study. In the in vivo
environment, inflammation and cell repopulation might affect the surface morphology and
tendon gliding ability differently. It is possible, for example, that the surface modification
might inhibit recellularization, cell attachment, and proliferation. However, Chong et al.
successfully reseeded tenocytes on decellularized tendon after a similar treatment[33], and
others have shown that tenocytes in the host tendon migrate into surface-modified allografts
with cd-HA-gelatin[35]. Therefore, this decellularization and surface modification should
not inhibit graft incorporation or healing in vivo at the junction of the graft and host.
Second, the accuracy of the manual caliper measurement of cross-sectional area was based
on the assumption that the tendon had a relatively uniform elliptical shape. However, since
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we applied the same method to all tendons, we considered that the comparison among the
groups was reliable. Third, we did not measure the maximum failure strength of the tendons.
All testing was limited by failure occurring at the gripping site by either slipping or rupture.
However, the Young modulus was reliably calculated despite this limitation. Fourth, we
measured the tendon size after decellularization, so we do not know if the tendons were
different or similar size before decellularization. If the decellularization process alters
tendon diameter, this might affect factors such as fit beneath pulleys or the tensile properties
of the tendon. We did not measure these factors in the current study. Finally, we did not
perform immunohistochemical analysis to assess the presence of residual HA on the tendon
surface after cyclic testing. However, a previous study showed that a thin layer of cd-HA
remained on the surface of lyophilized tendons treated with cd-HA-gelatin after 1000 cycles
of repetitive movement[20].

Further study will be required to investigate the efficacy of this surface modification
technique in the treatment of decellularized tendon allografts in vivo.
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Figure 1.

Ilustration of experimental set-up and testing apparatus for measurement of gliding
resistance between the FDP tendon and A2 pulley. Permission will be requested from the
publisher to reuse this figure. [26]
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Figure2.

Mean gliding resistance of normal tendon, decellularized tendon without treatment and
decellularized tendon treated with cd-HA-gelatin over 1000 cycles of tendon motion. Error
bars represent standard deviation.
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Figure 3.

Mean gliding resistance of first cycle and 1000th cycle for normal tendon, decellularized
tendon without treatment and decellularized tendon treated with cd-HA-gelatin treatment.
Error bars represent standard deviation. An asterisk indicates a significant difference
(P<0.05).
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Figure 4.

Histology of longitudinal sections of normal tendon (A) and decellularized tendon (B). No
cells are visible in the decellularized tendon (hematoxylin and eosin staining 200x%, scale
bar: 50um). (C) Scanning electron microscopic images of the tendon after 1000 cycles of
repetitive motion. Untreated, decellularized tendon surfaces appeared rough, while
decellularized tendon surfaces treated with cd-HA-gelatin appeared to be smoother, and
similar to normal tendon.
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