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Abstract
The Achilles tendon is the most frequently ruptured tendon. Both acute and chronic (neglected)
tendon ruptures can dramatically affect a patient’s quality of life, and require a prolonged period
of recovery before return to pre-injury activity levels. This paper describes the use of an adhesive-
coated biologic scaffold to augment primary suture repair of transected Achilles tendons. The
adhesive portion consisted of a synthetic mimic of mussel adhesive proteins that can adhere to
various surfaces in a wet environment, including biologic tissues. When combined with biologic
scaffolds such as bovine pericardium or porcine dermal tissues, these adhesive constructs
demonstrated lap shear adhesive strengths significantly greater than that of fibrin glue, while
reaching up to 60% of the strength of a cyanoacrylate-based adhesive. These adhesive constructs
were wrapped around transected cadaveric porcine Achilles tendons repaired with a combination
of parallel and three-loop suture patterns. Tensile mechanical testing of the augmented repairs
exhibited significantly higher stiffness (22–34%), failure load (24–44%), and energy to failure
(27–63%) when compared to control tendons with suture repair alone. Potential clinical
implications of this novel adhesive biomaterial are discussed.

1. Introduction
The Achilles tendon is ruptured more frequently than any other tendon. It accounts for 40–
60% of all operative tendon repairs, with 75% of these procedures stemming from sports-
related activities [1-3]. The number of ruptures has increased over the last several decades,
and the rate has doubled nearly every 10 years [4-6]. The aging population, increased
popularity of recreational sports among the middle aged, and medical advances that enable
an aging population to participate in recreational sports all contribute to this increase [1,7].

Primary suture repair is the current standard of care, and many different suture techniques
are available (e.g., Krackow, Bunnell, Kessler, three-loop pulley, epitendinous suture
augmentation) [8-13]. However, primary repair of ruptured Achilles tendons has resulted in
partial or complete re-ruptures in over 5% of patients [2,14,15]. Causes of re-rupture have
been reportedly due to traumatic episodes, patient non-compliance with post-surgical
regimens, and premature return to athletic activity. The suture–tendon junction is usually the
weak link in primary tendon repairs. The strength between the tendon fibers is much less
than that of the fibers themselves, so sutures can tear through the tendon when force is
applied [16].
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To reduce the rate of re-rupture and accelerate rehabilitation, primary suture repair is
sometimes reinforced with biologic scaffolds or grafts (e.g., bovine pericardium, small
intestinal submucosa (SIS), or acellular human or porcine dermal matrix) [17,18]. In
addition to improved mechanical support, these biologic materials provide an extracellular
matrix for the in-growth of tissue so that they become well incorporated into the tendon.
Patients augmented with biologic grafts have been able to undergo an aggressive
rehabilitation program with early return to activity without re-rupture or complications
[19,20]. However, these grafts are secured to the tendon with sutures which can cause local
impairment of circulation with compromised healing [21,22]. Regardless of the treatment
method, complete regeneration of the tendon is never achieved [23].

In previous development work, a synthetic, degradable bioadhesive film was coated onto
biologic scaffolds, creating an adhesive construct (AC) that adhered tightly to wetted tissue
substrates [24]. This adhesive is a synthetic mimic of mussel adhesive proteins (MAPs),
which marine mussels utilize to bind tenaciously to various substrates in a wet, turbulent,
and saline environment [25,26]. This paper describes the use of the biologically inspired
adhesive to affix biologic scaffolds to Achilles tendons. Two scaffolds, bovine pericardium
and a commercial porcine dermal tissue (Biotape™, Wright Medical Technology, Inc.) were
pre-coated with an adhesive film (figure 1). The adhesive properties of these adhesive
constructs were characterized using lap shear testing. Additionally, tensile failure testing
was performed on transected porcine Achilles tendons that had received primary suture
repair with and without augmentation with these adhesive constructs. It was hypothesized
that tensile failure properties of augmented repairs will be significantly greater than repairs
with suture alone.

2. Materials and methods
2.1. Materials

The preparation and characterization of the adhesive polymer has been previously described
[24]. Bovine pericardium was obtained from the Nirod Corporation (Ames, IA), while
Biotape™ was purchased from Wright Medical Technology, Inc. (Arlington, TN). Porcine
tendons (rear leg deep flexor) were purchased from Spear Products (Coopersburg, PA).

2.2. Coating and testing adhesive-coated biologic scaffolds
Solutions of the adhesive polymer (100 mg mL−1 in chloroform) were cast over bovine
pericardium and Biotape at a coating density of 150 g m−2, and then dried under vacuum
overnight to create the adhesive-coated constructs denoted as AC1 and AC2, respectively.
To capture images of the construct using scanning electron microscope (SEM), AC2
specimens were cut into 0.5 cm × 1.0 cm pieces, mounted onto an aluminum stud, and
coated with gold in a Denton Desk II Sputter Coater for 30–40 s, resulting in a coating
thickness of approximately 20 nm. The images of the samples were recorded by a computer-
controlled, high resolution Schottky field emission SEM (LEO DSM-1530, Carl Zeiss NTS,
Inc., Peabody, MA) at an accelerating voltage of 3 kV.

Lap shear testing was performed as previously described [24]. Briefly, wetted bovine
pericardium was used as the tissue substrate. Prior to forming the adhesive joint, the
adhesive was activated with a solution of NaIO4 (20 mg mL−1, 40 μL), and the adhesive
construct was brought into contact with the tissue substrate with a 1 cm × 2.5 cm overlap as
measured by a ruler. The adhesive joint was compressed with a 100 g weight for 10 min, and
further conditioned in phosphate buffered saline (PBS, pH 7.4, 37 °C) for an hour before
testing. The adhesive joints were gripped and pulled to failure at a rate of 10 mm min−1

using a materials test machine (Admet, Inc., Norwood, MA). The maximum load needed to
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separate the adhesive joints was recorded, and the lap shear strength was determined by
normalizing the maximum load to failure with the initial area of contact. Commercially
available tissue adhesives, Dermabond® (Ethicon Inc., Somerville, NJ) and Tisseel™
(Baxter Healthcare Corporation, Deerfield, IL), were included as controls. These adhesives
were applied in situ between the two tissue substrates with an overlap of 1 cm × 2.5 cm, and
prepared for testing as described above. The sample size was six in each test group.

2.3. Mechanical testing of repaired tendons
Tensile failure testing was performed on transected tendons repaired using suture with and
without augmentation with the proposed adhesive constructs. Transected porcine tendons
were sutured with both parallel (Polysorb™ braided lactomer™, 4-0, Covidien, Dublin,
Ireland) and three-loop pulley (Maxon™ monofilament polyglyconate, 0, Covidien, Dublin,
Ireland) suture patterns (figure 2). The adhesive construct was first secured to the tendon
with three stay sutures. A solution of NaIO4 (20 mg mL−1) was then sprayed onto the
adhesive prior to wrapping the construct around the tendon, thereby activating the adhesive.
AC1 was wrapped around the tendon twice to increase the footprint of the adhesive. AC2
was wrapped around the tendon once with 1 cm of overlap as recommended by the
manufacturer of Biotape. The wrapped tendons were held tightly for 10 min and incubated at
37 °C (PBS, pH 7.4) for 1 h prior to testing. The two ends of the repaired tendons were
secured with a 1 kN Vise grip equipped with jaws coated with synthetic diamonds (Admet,
Inc., Norwood, MA), with a grip-to-grip length of 6 cm. After preconditioning the repaired
tendons (cycled ten times between 2 and 10 N), both sutured and adhesive-wrapped tendons
were loaded to failure at a rate of 25 mm min−1, and load versus displacement data were
recorded. Each test was video taped to document the failure mechanism. The failure load
was defined as the load where irreversible damage to the repair occurred—failure of the
adhesive in the AC-augmented repairs, and failure of the parallel sutures in the non-
augmented repairs. To determine the stiffness of the repair, the slope of the linear portion of
the load/displacement curve prior to failure was determined by linear regression (R2 ≥
0.999). The energy to failure was determined from the area under the curve up to the failure
load. The percent elongation of the specimen was calculated as one hundred times the
displacement (i.e., change in length) divided by the initial grip length of 6 cm. The sample
size was ten for each test group.

2.4. Statistical analysis
Statistic analysis was performed on the lap shear adhesion testing (two proposed construct
treatments and two controls) and tensile failure testing of tendons (two proposed construct
treatments with suture, and suture alone controls) using one-way analysis of variance
(ANOVA) and Tukey post hoc analysis with a significance level of p = 0.05.

3. Results
The novel adhesive polymer was solvent cast onto two representative biological scaffolds,
bovine pericardium (AC1) and Biotape (AC2), a commercial porcine dermal tissue. The
adhesive coating on Biotape was clearly visible from both photographed (figure 1) and
scanning electron microscopy (figure 3) images. The cross-sectional view (figure 3(C)) of
the adhesive construct revealed an adhesive layer tightly bound to the surface of the scaffold
with a coating thickness of around 20 μm. AC1 (106 ± 22.9 kPa) and AC2 (73.4 ± 24.4 kPa)
exhibited strong adhesive properties to both the wetted tissue substrate and biologic scaffold,
compared to the fibrin glue (figure 4). The lap shear strengths of these constructs were 28–
40 times greater than that of Tisseel (2.58 ± 1.76 kPa). Among the adhesives tested,
Dermabond exhibited the highest adhesive strength (181 ± 33.4 kPa). AC1 and AC2 were

Brodie et al. Page 3

Biomed Mater. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



not statistically different from each other. These constructs were used in subsequent testing
to augment the suture repair of transected tendons.

Figure 5(A) demonstrates a representative load versus displacement curve for a sutured
tendon, which contains typical features that were evident in all test groups (figure 5(B)); (1)
nonlinear toe region where the fibers are being recruited as the tendon is stretched, (2) linear
region representing the stiffness of the repaired tendon, (3) arrows pointing to reduction in
the load corresponding with the parallel sutures being pulled off the tendon, with the first of
these instances being considered as the irreversible failure of the repair (failure load), (4)
energy to failure calculated as the area under the load versus displacement curve up to the
failure load, and (5) peak load where the three-loop pulley began to fail as it is pulled
through the tendon. For repairs augmented with an AC, irreversible failure occurred when
the adhesive layer failed cohesively (i.e., the adhesive remained attached to both the scaffold
and tendon surfaces). Both AC1- and AC2-augmented tendons exhibited greater failure load
(24–44%), stiffness (22–34%), and energy to failure (27–63%), compared with suture-only
controls (table 1). These differences were statistically significant for AC1 (p < 0.05). Suture-
only tendons readily formed a gap at the transected site at loads as low as 10 N, with the gap
typically increasing to around 3 mm at 100 N (figure 6). However, the repair site was not
easily visible through the adhesive constructs, so gap formation was not used as a criterion
for failure in this study. The percent elongation at failure and peak loads were not
statistically different between the three test groups.

4. Discussion
A synthetic bioadhesive was utilized as an adhesive coating for securing surgical graft
material to repair Achilles tendons. This coating contains an active adhesive functional
group, dopamine, which resembles the adhesive catecholic side chain 3,4-
dihydroxyphenylalanine (DOPA) that marine mussels utilize to form strong bonds in the
presence of water. Catechols are oxidized to form highly reactive quinones which can
covalently crosslink with other catechols within the adhesive film (cohesive crosslinking)
[27] or with functional groups such as amine and thiol found on tissue surfaces (adhesive
crosslinking) [28,29]. While the oxidant (NaIO4) used in the activation process is an irritant,
it is reduced to benign iodide through the red-ox reaction with catechol. Additionally, a
NaIO4-cured sealant was demonstrated to be non-toxic [30] and elicited minimal
inflammatory responses in vivo [31], indicating that the use of NaIO4 appears to be a
potentially viable method for biomedical applications.

The adhesive catechol is chemically attached to biocompatible and biodegradable
multiblock copolymers—poly(ethylene glycol) (PEG) and polycaprolactone (PCL). Both
polymers are routinely used in various medical applications such as tissue sealants and
biodegradable sutures. The presence of PEG allows the adhesive polymer to remain
relatively hydrophilic in order to achieve good ‘wetting’ or adhesive contact with a biologic
scaffold or tissue substrate, while the hydrophobic PCL segments increase cohesive strength
and prevent rapid dissolution of the film in the presence of water. The adhesive film
degrades through hydrolysis of ester linkages in the PCL (12% mass loss over 4 months in
vitro) [24]. The adhesive properties, mechanical properties, and degradation rate can be
easily tailored for a specific application [24].

The adhesive polymer was solvent cast onto two biologic scaffolds to demonstrate the
feasibility of using the adhesive-coated construct in Achilles tendon repair. Bovine
pericardium was chosen as one of the backing materials because it is an inexpensive and
readily abundant extracellular matrix with suitable mechanical properties (tensile failure
load of 41 ± 9.8 N cm−1). Additionally, several acellular bovine pericardium-based products

Brodie et al. Page 4

Biomed Mater. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(e.g., Veritas®, Synovis Surgical Innovations, St Paul, MN; Tutomesh®, RTI Biologics,
Alachua, FL) have been approved by the FDA for soft tissue reconstruction [32-34]. On the
other hand, Biotape is a commercially available decellularized porcine dermal matrix that
has been evaluated for Achilles tendon repair [35].

Biologic scaffolds pre-coated with the proposed adhesives demonstrated strong adhesion to
soft tissue. Both AC1 and AC2 failed predominately through cohesive failure of the
adhesive film, indicating strong adhesion to both the wetted tissue substrates and the
scaffolds. SEM images also revealed that the adhesive film was tightly bound to the
scaffold. These constructs exhibited significantly higher adhesive strengths when compared
to Tisseel (fibrin glue), while Dermabond (cyanoacrylate) demonstrated the highest adhesive
strength among the adhesives tested. Both of these commercially available tissue adhesives
have been evaluated for tendon repair. Although Achilles tendons repaired with fibrin glue
demonstrated good healing histologically [36], significant lengthening of the tendon
occurred during the early phase of healing, which has been associated with reduced strength
of the repaired tendons [37,38]. Due to its lack of adhesive strength, fibrin glue is not likely
to contribute significantly to the mechanical properties of the repaired tendon immediately
after surgery. On the other hand, cyanoacrylate-based adhesives have been found to augment
the mechanical properties of suture-repaired tendons in vitro [39,40]. However, Evans et al
demonstrated that cyanoacrylate adhesives are cytotoxic to cells derived from human
tendons [41], likely due to toxic degradation products (i.e., formaldehyde) [42]. Surgical
meshes fixated with cyanoacrylate have also been shown to impair tissue integration, elicit
inflammation, and unfavorably alter the biomechanical properties of the repaired tissue [43].
Additionally, these commercially available tissue adhesives require preparation prior to use,
thereby complicating surgical work flow.

Adhesive constructs were used to augment transected porcine tendons, which were
mechanically compared to tendons primarily repaired with two suture patterns. The parallel
sutures were used to keep the two ends of the transected tendon in intimate contact in order
to minimize gap formation, while the three-loop pulley was intended to be the main
structural component that held the severed tendon together. However, despite the use of
parallel sutures, gap formation was observed for suture-repaired tendons even at relatively
low loads, with the gap typically reaching approximately 3 mm at 100 N. In some studies,
gap formation of 1–3 mm has been used as a measure of failure [10,44], with a gap greater
than 3 mm correlated with increased risk of re-rupture during the first 6 weeks
postoperatively [37]. For AC-augmented repairs, the repair site was obstructed by the
adhesive constructs, so that gap formation was not used as the measure of failure. Instead,
the onset of irreversible failure of the repair was identified from the load/displacement data.
For suture-repaired tendons, failure occurred when the parallel sutures were pulled out of the
tendon, whereas the AC-augmented repairs failed at the adhesive interface. While the three-
loop suture was intended to be the primary structural component that holds the tendon
together, its failure occurred well after the irreversible failure load, where the repaired
tendon was significantly lengthened (>35% elongation) with an even larger gap formation at
the repair site. Thus, the initial failure load, and not peak load, is likely the more important
failure metric when considering repeated loading of a healing tendon.

AC-reinforced tendons exhibited significantly higher stiffness, failure load, and energy to
failure when compared to primary suture repair alone, indicating that higher load and energy
is necessary to lengthen the repair. Excessive elongation at the repair site has been
associated with a poor functional outcome after tendon repair [37,38]. Additionally, a stiffer
repair also strongly correlated with increased failure properties of repaired tendons during
the early phase of healing [38]. This study demonstrated that the AC-augmentation can be
utilized to reinforce the primary suture repair immediately after surgery, which may be
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beneficial when postoperative management includes an early and aggressive rehabilitation
program. Conventional postoperative treatment for surgically repaired Achilles tendons has
meant immobilization in a below-the-knee plaster cast for 6–8 weeks with little to no weight
bearing. However, complications of prolonged immobilization include muscle atrophy, joint
stiffness, tendocutaneous adhesions, deep vein thrombosis, and ulceration of joint cartilage
[45]. Recent clinical studies, including randomized controlled follow-ups, strongly suggest
that early mobilization and weight bearing, when compared with immobilization, produce
less tendon elongation, greater isokinetic calf muscle strength, improved quality of life, and
more rapid resumption of normal activities without re-rupture [6,45-49].

Various biologic scaffolds or meshes (e.g., bovine pericardium, small intestinal submucosa,
acellular human and porcine dermal matrix) have been evaluated for tendon repair
augmentation. In addition to mechanical support, these biologic graft materials serve as a
matrix for tissue in-growth, and have become well incorporated into the tendon tissue in
animal models [17] and clinics [18]. An augmented repair allowed patients to undergo an
aggressive rehabilitation program with subsequent early return to activity without re-rupture
or complications [19,20]. However, these non-adhesive biologic grafts require multiple
intratendinous, interlocking sutures placed throughout the construct to prevent motion along
the tendon/graft interface, thereby potentially disrupting local blood flow [21,22]. The
adhesive-coated constructs reported here can potentially reduce the number of sutures or
completely replace the use of sutures in graft fixation to the tendon.

In this study, a static tensile failure test was performed to characterize the biomechanical
properties of transected tendons repaired by different methods. These results yielded
important information on the efficacy of a novel adhesive biomaterial in tendon repair at an
immediate post-surgery time point. Cyclic loading, which may more closely simulate
physiologic conditions experienced by the tendons, was not performed. However, given that
the AC-augmented repairs exhibited significantly higher failure energy and stiffness
compared to the primary suture repair, it is possible that the reinforced tendon can better
resist repetitive motions. Additionally, the biocompatibility and efficacy of these adhesive
constructs on healing tendons will require further assessment in in vivo animal models.
Future testing will involve evaluating AC-augmentation under cyclic loading, as well as the
effect of the construct on long-term tendon healing.

Percent elongation based on the initial grip-to-grip length was used to evaluate lengthening
of the tendon during mechanical testing, rather than strain measured at points along the
length of the tendon surface. These strain measurements are typically based on optical
techniques applied in the mid-region to the tendon, which was not feasible in our experiment
since the adhesive constructs obscured the tendon surface. However, this does not affect the
reported metrics, which are comparative and structural. The two ends of the tendons were
held in grips rated to withstand up to 1000 N of tensile load, which is an order of magnitude
higher than the failure loads in this study. Slippage of the tissue in the grips was not
observed throughout testing. This was further confirmed by the statistical significance of the
load measurements between test groups.

5. Conclusion
The data reported here indicate that a synthetic bioadhesive coated onto biologic scaffolds
can impart strong adhesive properties to these biomaterials. These adhesive constructs
demonstrated adhesive strengths that were significantly higher than that of Tisseel, and up to
60% of that of Dermabond. These coated adhesives were able to secure two biologic
scaffolds to transected porcine tendons while improving their biomechanical properties
when compared to the primary suture repair alone. A follow-on in vivo animal study will be
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performed to further elucidate the effect of adhesive construct-augmented repair on the
healing of injured Achilles tendons, as well as integrating this biomaterial with a more
aggressive rehabilitation regimen.
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Figure 1.
Photograph of a 4 cm × 8 cm adhesive film (A) coated onto a 6 cm × 8 cm segment of
Biotape (B).
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Figure 2.
Schematics of parallel (A) and three-loop pulley (B) suture patterns used to repair transected
tendons. Solid and dashed lines indicate sutures on the surface of and within the tendon,
respectively. The parallel pattern is repeated around the circumference of the tendon. The
arrows in the three-loop pulley indicate the two ends of the sutures where the knot will be
tied.
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Figure 3.
Scanning electronic microscopy images showing the edge of the adhesive film coated onto
Biotape (A), a close-up of the adhesive coating (B), and a cross-section of the adhesive
construct (C).
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Figure 4.
Maximum lap shear strength using bovine pericardium as a test substrate. Both Tisseel and
Dermabond were applied in situ to adhere two pieces of bovine pericardium together. # and
$ indicate a statistically significant difference from Tisseel and Dermabond, respectively (p
< 0.05). Differences in adhesive strength between AC1 and AC2 were not statistically
significant.
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Figure 5.
Load versus displacement curves for Achilles tendon repaired with suture alone (A), and
representative curves for each type of repaired tendon (B). (1) Toe region, (2) dashed line
indicating the stiffness of the repaired tendon, (3) arrows indicating the first parallel suture
being pulled off, which was considered to be failure of the repair (failure load), (4) energy to
failure as calculated by the area under the curve up to the failure load, (5) peak load where
the three-loop suture began to fail, and (6) failure of AC-augmented repairs occurring at the
interface of the adhesive.
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Figure 6.
Close-up images of the gap formation during tensile testing of sutured tendons loaded at 0 N
(A), 50 N (B) and 100 N (C), and a sutured tendon augmented with AC1 and loaded at 100 N
(D). Solid arrows indicate gap formation for tendons repaired with suture alone.
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Table 1

Tensile structural properties of repaired tendons

Suture Only AC1 AC2

Stiffness (N/mm) 18.1 ± 3.60 24.3 ± 4.23* 22.1 ± 5.32#

Failure Load (N) 105 ± 25.1 151 ± 37.4* 130 ± 45.5#

% Elongation at
Failure Load 15.8 ± 2.08 15.9 ± 3.18 15.9 ± 2.98

Energy to Failure (J) 0.386 ± 0.131 0.630 ± 0.194* 0.492 ± 0.236

Peak Load (N) 217 ± 45.7 231 ± 35.6 245 ± 35.8

% Elongation at
Peak Load 35.6± 6.02 37.0 ± 6.12 38.0 ± 6.06

n = 10 replicates per treatment.

*
p < 0.05 compared to suture only

#
p < 0.15 compared to suture only
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