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Abstract

Background—Currently, there are no well-established suture protocols to attach fully load-

bearing scaffolds which span tendon defects between bone and muscle for repair of critical sized 

tendon tears. Methods to attach load-bearing tissue repair scaffolds could enable functional repair 

of tendon injuries.

Methods—Sixteen rabbit shoulders were dissected (New Zealand white rabbits, 1 yr. old, 

female) to isolate the humeral-infraspinatus muscle complex. A unique suture technique was 

developed to allow for a 5 mm segmental defect in infraspinatus tendon to be replaced with a 

mechanically strong bioscaffold woven from pure collagen threads. The suturing pattern resulted 

in a fully load-bearing scaffold. The tensile stiffness and strength of scaffold repair was compared 

with intact infraspinatus and regular direct repair.

Findings—The failure load and displacement at failure of the scaffold repair group were 59.9 N 

(Standard Deviation, SD = 10.7) and 10.3 mm (SD = 2.9), respectively and matched those 

obtained by direct repair group which were 57.5 N (SD = 15.3) and 8.6 mm (SD = 1.5), (p > 0.05). 

Failure load, displacement at failure and stiffness of both of the repair groups were half of the 

intact infraspinatus shoulder group.

Interpretation—With the developed suture technique, scaffolds repair showed similar failure 

load, displacement at failure and stiffness to the direct repair. This novel suturing pattern and the 

mechanical robustness of the scaffold at time zero indicates that the proposed model is 
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mechanically viable for future in vivo studies which has a higher potential to translate into clinical 

uses.
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infraspinatus tendon

1. Introduction

Tendon is a collagen-rich tissue that transfers load from muscle to bone. An estimated 

30,000 to 75,000 rotator cuff tendon repairs are performed each year in the United States, 

and 40% or more of patients older than 60 years old are affected by rotator cuff tendon 

related disorders3, 40. Initial research for tendon tears has focused on improvement of 

surgical technique and augmentation of surgical technique by mechanically reinforcing the 

repair with various graft materials3, 7, 25, 51. Despite the improvements in surgical 

techniques, revision of tendon tear surgery is high, ranging from 11% to 94% depending on 

the size of the tear, patient age, tendon quality and the level of tendon degeneration 13, 22.

Existing synthetic or extracellular matrix (ECM) based rotator cuff repair scaffolds are 

mainly onlay patches which are not fully load-bearing by themselves 2, 15. There are very 

few studies where scaffolds act as a load-bearing unit and the strength of those scaffold 

repairs are inadequate14, 27, 43. Therefore, these aforementioned scaffolds need sutures 

which bridge the gap so as to bear the load. Absence of loads on the scaffold is likely to 

deprive the cells from the mechanostimulation as it is known that lack of loading translated 

to inferior tendon formation 10, 28. To our knowledge, there are no reports of a complete 

load-bearing scaffold model for rotator cuff repair. In association, there are no surgical 

protocols for suturing bulk scaffolds to bridge the remnant tendon to the bone. The aims of 

this study were: 1) Develop a suturing method to attach a load-bearing scaffold to span a gap 

defect between the infraspinatus muscle and humerus in rabbit. 2) Compare the 

biomechanics of tendon repair using a fully load-bearing scaffold to the biomechanics of 

direct repair. A recently developed high strength woven collagen biotextile was used as the 

scaffold to attain these aims55. These woven collagen scaffolds were made out of 

mechanically strong collagen based threads where the collagen molecules are densely 

packed and aligned along the length of the thread. These threads are known as 

electrochemically aligned collagen (ELAC) 12, 24, 48 . The strength of ELAC threads were 

improved to the level of tendon by genipin crosslinking31, 49, 50, 55 and previous study 

showed that aligned, dense topography of ELAC threads facilitated tenogenic differentiation 

of marrow derived mesenchymal stem cells (MSCs) 30. In vivo study of genipin cross linked 

ELAC threads showed biocompatibility and biodegradability after 8 months32. Therefore, 

ELAC is a promising biomaterial for tendon repair. Moreover, as tendon’s major constituent 

is collagen; thus, reconstituted pure collagen, in the form of ELAC is suitable for the woven 

scaffold. The Current study shows the feasibility of this collagen bioscaffold in a repair 

model which has a high potential to translate into clinical uses.
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2. Materials and Method

2.1 Fabrication of Electrochemically Aligned Collagen Bioscaffolds

Acid soluble monomeric collagen solution (bovine dermis, Advanced Biomatrix, CA; 6 

mg/ml) was diluted two-fold, pH was adjusted between 8-10 using 1N NaOH and dialyzed 

against ultrapure water for 18 hours. Dialyzed collagen was loaded between two stainless 

steel wire electrodes across which 30 VDC was applied for 2 min. ELAC is formed under 

the mechanisms previously published12, 24, 48. Briefly, electrical current electrophoretically 

mobilizes collagen molecules which become packed and aligned in a direction along the 

longer axes of the electrodes. ELAC threads were fabricated by using a custom-made 

rotating electrode machine that can generate continuous threads. The resulting ELAC thread 

is treated in phosphate buffered saline (PBS) for six hours at 37 °C to induce fibril formation 

and then treated with 2-propanol solution for 12 hours. Threads are crosslinked with 0.625% 

genipin (Wako Chemical, Japan) in 90% v/v ethanol solution at 37 °C for 3 days.

Three individual ELAC threads were twisted together to make a yarn (Fig 1). ELAC yarn 

was used to fabricate bioscaffolds using a manual pin-weaving method. Briefly, an array of 

1 mm diameter pins was secured equidistantly (0.5 mm) from each other onto a solid 

substrate and an ELAC yarn was woven in a zig-zag pattern around the pins up to the 

desired width of the bioscaffold. The number of pins and size of pins determine the length 

and thickness of the bioscaffold, respectively. Once the weaving is complete, 10% PLGA 

solution was applied onto the bioscaffold to adhere the threads together and the bioscaffold 

was slid out of the pins, with the former location of the pins left out as holes. An ELAC yarn 

was then sutured through these holes to hold the woven threads together, resulting in a 

bioscaffold (Fig 1). Two such bioscaffolds were stacked on top of each other and connected 

by a long ELAC yarn passing through the holes of both of the scaffolds to hold them 

together. The resultant bioscaffold (Fig.1) was submerged briefly in chloroform to remove 

the PLGA coating. The scaffold dimensions were 15 × 5 × 2 mm in accordance with the 

dimensions of rabbit infraspinatus tendon.

2.2 Animal tissue collection and surgical procedure

Sixteen rabbit (New Zealand White, 1 yr. old, female) shoulders were dissected from fresh 

rabbit carcasses obtained from the Animal Resource Center (ARC) of Case Western Reserve 

University. Since the tissue were collected post-mortem from another study which did not 

involve the shoulder region, IACUC approval was not applicable. The shoulders were stored 

at –20 °C wrapped in PBS wetted gauze pad. The right and left shoulders were assigned 

randomly between different groups. The shoulders were dissected such that all the soft 

tissues were removed except the humerus–infraspinatus–muscle unit.

2.3 Suture type selection

Before the main study, mechanical tests was done to compare two brands (Ethibond and 

Polydec) and 4 different sizes (2-0, 3-0, 4-0 and 6-0) of sutures determine the appropriate 

one for the repair model (N=3/group). A simple loop was made with each suture where each 

loop contains two strands parallel (i.e. two strands take the load). Tensile tests were 

performed in the loops until failure at a loading rate of 10 mm/min (Test Resource 
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800LE3-2, Test Resources Inc., MN, USA). 2-0 Ethibond suture was chosen to repair the 

tendons because it was the strongest (Table 1) and is widely used for repair5, 6, 44.

2.4 Experimental groups

There were four groups: 1) Intact shoulders (N=6), 2) Direct repair group (N=5) where the 

infraspinatus was cut at the enthesis and sutured directly, 3) Scaffold repair group (N=5) 

where infraspinatus was resected and replaced with a scaffold, and 4) Scaffold only group 

(N=3) where the scaffolds were tested.

2.5 Suture technique

The native infraspinatus tendon was sharply transected at the osteotendinous junction. The 

humerus was prepared for tendon reconstruction by placement of two drill holes beginning 

at the original tendon insertion and travelling parallel out the bicipital groove, leaving a 4 

mm bone-bridge. In the direct repair group (Fig 2B, 3B), the tendon was positioned such 

that the lateral end sat flush to the original tendon insertion. A 2-0 non-absorbable braided 

suture (Ethibond) was placed in the lateral edge of the tendon in a horizontal mattress 

fashion. The suture ends were passed through the bone tunnels in the humerus, and the ends 

were secured to each other with five knots. Another suture was used to secure the remnant 

tendon to the bone by Krackow suture technique. Two Krackow locked throws of suture 

were placed on each side of the tendon. The suture ends were passed through the bone 

tunnels in the humerus, and five knots were used to tie the ends. In case of scaffold repair 

(Fig 2A, 3C), the lateral 5 mm section of tendon was cut and discarded. The collagen 

scaffold was positioned such that the medial portion of the scaffold overlapped the remnant 

tendon by 5 mm and the lateral end sat flush to the original tendon insertion. A 2-0 non-

absorbable braided suture (Ethibond) was used to secure the medial portion of the scaffold 

to the remnant tendon by five interrupted sutures, one in each quadrant of the overlapping 

segments and one placed longitudinally through the center of the overlap. Each suture was 

secured with four knots. Two individual loops of suture were then tightened around the 

overlapping segments, one medially and one laterally, and secured with four knots. The 

middle portion of the scaffold was left untouched to function as the sole load-bearing entity 

of any force applied across the bone-tendon gap. Another 2-0 non-absorbable braided suture 

was used to secure the lateral end of the scaffold to the humerus. First, a locking Kessler 

suture with side loops was placed through the scaffold based on a study by Yotsumoto et 

al 16, 54. Second, a horizontal mattress suture was placed medial to the locking Kessler 

suture. All suture ends exited the scaffold posteriorly near its lateral edge. The suture ends 

were then passed through the bone tunnels in the humerus and all four threads were secured 

together with five knots [Fig. 2].

2.6 Biomechanical testing

The humeri were potted in (poly) methylmethacrylate cement (Millennium Pour Denture 

Acrylic, Cherry Hill, NJ) up to 20 mm distant from the humeral head inside a hollow 

rectangular aluminum pipe which was fixed to the loading frame (Fig.4). In case of intact 

tendon group and direct repair group, the tendon muscle complex was gripped at the muscle 

by fixtures at 15 mm distance from the tendon-bone insertion. The muscle was frozen 

locally at the grip site by a piece of dry ice. The tensile fixture was also cooled by dry ice, 
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all facilitating a solid grip at the fixture. In the case of the scaffold repair group the grip was 

also 15 mm from the tendon bone insertion and 5 mm above the region of tendon-scaffold 

overlap. The intact and repaired infraspinatus tendons were loaded in a physiologically 

relevant direction of the infraspinatus tendon perpendicular to the longitudinal axis of the 

humerus (Fig 4). The samples were loaded monotonically at a rate of 10 mm/min until 

failure (Test Resource 800LE3-2, Test Resources Inc., MN, USA). In the scaffold only 

group, scaffolds were gripped by a tensile fixture at the two ends and loaded at the same 

displacement rate. A 220 N load cell was used to measure the load. All the samples were 

kept hydrated at all stages of suturing and testing. Displacement values were normalized by 

gauge length to obtain strain. Stiffness was calculated at the steepest region of the load-

displacement curves. Failure energy was calculated as the area under the load-displacement 

curves.

2.7 Statistical Analysis

A one-way analysis of variance (ANOVA) test was performed to evaluate for significant 

differences between groups (significance level set at P < 0.05). A post-hoc analysis using the 

Tukey’s test was conducted to compare pairwise differences between groups.

3. Results

3.1 Failure Locations

Direct repair group mostly failed at the repair interface (Table 2). Scaffold repair group 

failed within the scaffold continuum, indicating that suture technique developed in this study 

results in a full-load-bearing scaffold. One repair failed at the suture knot on the bone side.

3.2 Mechanical test results

The typical load displacement curves for the intact shoulders and the repaired groups 

showed that scaffold repair and direct repair groups were comparable during the initial 

stages of deformation (Fig. 5). The load-displacement curves of the two repair groups were 

comparable. Both of the repaired groups showed larger displacements and lower loads than 

the intact group.

Failure load of direct repair and scaffold repair groups reached almost half of the intact 

shoulder (Fig. 6A). Failure load of the scaffold repair was not significantly different from 

that of the scaffold only, indicating that the scaffold suture technique was able to fully 

transfer loads to the scaffold. The failure strain and displacement at failure of the direct 

repair group was twice that of the intact shoulder (Fig. 6D & C). The failure strain and 

displacement of failure (Fig. 6D & C) of scaffold repair matched those of the direct repair (p 

= 0.21, p=0.20 respectively). Scaffold repair also matched the stiffness (Fig. 6B) of the 

direct repair (p = 0.47). Individual scaffolds demonstrated similar failure strain and 

displacement at failure as the intact shoulder (p = 0.16, p=0.35 respectively). The stiffness of 

the individual scaffold was similar to that of the intact tendon and exceeded those of the 

repaired shoulders. The failure energy of both scaffold and direct repair group matched that 

of the intact shoulder whereas scaffold only group showed 3-fold less failure energy than the 

intact shoulder (Fig. 6E).
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4. Discussion

To the best of our knowledge, there is a lack of methods for suturing load bearing scaffolds 

for repair of segmental tendon defects which require attachments on muscle and bone ends 

separately. Usual suture techniques such as Krackow and mattress may work in direct repair; 

however, they may be limited in securing porous scaffolds. Premature suture pull out was 

encountered when we attempted Krackow and mattress suture patterns to affix woven 

scaffolds during early stages of the project. Therefore, we developed the suture technique 

presented in Figure 2 for engrafting the load bearing collagen scaffold between muscle and 

bone. As we demonstrate mechanically, this novel suture technique was able to match the 

strength of direct repair. Simultaneous use of the locking Kessler suture on the bone side and 

simple loop at the top and bottom of the scaffold-tendon overlap increased suture pullout 

load at the bone side and tendon-suture pull out strength on the tendon-scaffold overlap side. 

This technique would not only be suitable for this woven collagen scaffold but also for other 

load bearing scaffolds.

Rabbit is a commonly employed animal model to investigate the rotator cuff injury and 

repair17. The rabbit rotator cuff model, especially the infraspinatus and supraspinatus, has 

been extensively used for surgical repair technique evaluation38, augmentation repair with 

autograft9, 42 or scaffolds11, 20, 21, 27, 53, 57, to determine native properties at the tendon 

insertion56, to check alterations of the mechanical properties1918, 35or 

pathology23, 35, 37, 41, 52 of the rotator cuff after chronic detachment, and evaluation of 

tendon to bone healing26, 33, 34, 46, 47. As evidenced by such extensive literature, rabbit is a 

useful model for testing emerging technologies for rotator cuff repair before attempting 

costly large animal models. Different from the prior literature where a load-bearing suture 

bridged the gap, this study employed a fully load bearing scaffold. We are reporting for the 

first time a biomechanically sound suturing scheme to intercalate a load bearing scaffold 

between the muscle and the bone without using sutures for intermediary load bearing.

A previous in vivo study inlaid ELAC threads in patellar tendon and demonstrated their 

biodegradability and biocompatibility32. However, it is unknown whether the woven 

scaffold can withstand surgical handling and be employed as a fully-load-bearing tendon 

replacement material. Most pure-collagen scaffolds lack strength to the extent that they 

cannot be sutured. Long term cell-culture periods are needed for them to gain sufficient 

strength for implantation. At the baseline, the lack of mechanical robustness requires load-

bearing sutures which bridge the gap. The purpose of this study was to evaluate the 

biomechanical performance of a mechanically robust, biodegradable32 and bioinductive30 

pure collagen 3-D woven scaffold (ELAC) used for repairing segmental defects in the 

rotator cuff. In the defect model, scaffold acted as a complete load-bearing unit. The 

performance was evaluated against a conventional tendon repair (direct repair) method. The 

results indicate that the strength and stiffness of the scaffold repair model were consistent 

with those of the direct repair model. Strain and displacement at failure of both repair 

models were less than the intact shoulder and the individual scaffold. Such a reduction in 

stiffness of the repaired tendon was also reported by a previous study27. The increased 

compliance of repair models was likely due to the compliance added by suture junctures. 
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The stiffness of the scaffold repair model can be increased by modifying the suture 

technique.

Although the volume of the scaffold is comparable with the intact infraspinatus, the scaffold 

contains 81% porosity. The porosity will not only help the population of cell through the 

continuum of the scaffold but also will help to vascularize which is an advantage over the 

direct repair.

The majority of the commercially available extracellular matrix based rotator cuff repair 

patches are too compliant such that they undergo a linear strain of more than 50%2, 15. This 

is two-fold greater than the strain of the woven scaffold reported in this study. Therefore, the 

commercially available rotator cuff repair patches may deform excessively under load. In 

this context, the failure strain and displacement at failure in the ELAC spanning repair 

models is an improvement over existing alternatives.

Inui et al. showed that a segmental repair of critical sized rabbit infraspinatus had one-third 

the strength of direct repair group and was 13 times weaker than the intact shoulder at time 

zero 27. Dejardin et al. showed in the canine model that infraspinatus repaired by porcine 

small intestinal submucosal scaffold was half the strength of the direct repair group and it 

was 6 times weaker than the intact group at time zero 14. In the present study, the 

biomechanics of the scaffold repair matched that of direct repair and was half the strength of 

the intact infraspinatus at the baseline. The described suture technique was able to translate 

the strength of the scaffold to the repair in this model. As a result, this may give the scaffold 

repair an advantage in the early stages of tendon healing.

The direct repair group was the weakest at the tendon-suture junction as most of the repairs 

failed at that location (Table 2). In contrast, most of the scaffold repair constructs failed in 

the continuum of the scaffolds. The suture technique developed and used in this study was 

robust at the location of scaffold-bone and scaffold-tendon junctions allowing for the 

translation of scaffold strength to the scaffold repair context.

Suture technique features which favor better mechanical strength were chosen to design the 

proposed scaffold repair model. In knotting the sutures at the bone tunnel ends, all the knots 

were knotted as double knots in place of two single knots at the end of two bone tunnel end 

because the double knot gives better strength 4. The locking Kessler suture on the bone side 

was adopted from Yotsumoto et al. as it does not result in suture pull-out 16, 54. The simple 

loop at the top and bottom of the scaffold-tendon overlap was adopted from Piskin et al. to 

increase the tendon-suture pull out strength 39.

A fully load-bearing scaffold may present biological advantages. Mechanical stimulation has 

an auspicious effect on cells. MSCs exhibited increase in tendon related markers such as 

type I collagen, scleraxis and also other mechanoresponsive molecules due to 

mechanostimulation 10, 28. Mechanically stimulated stem cell–collagen sponge constructs 

for tendon tissue engineering showed 2.5 times higher stiffness than the unstimulated 

constructs 8, 29, 45. Altman et al. showed that mechanically stimulated MSC seeded collagen 

gel construct had higher cross sectional density and 2.5 fold increase in cell alignment 1, 36. 

Therefore, the load-bearing feature of the scaffold repair may help improve the recovery of 

Islam et al. Page 7

Clin Biomech (Bristol, Avon). Author manuscript; available in PMC 2016 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mechanical strength faster by stimulating resident cells. Future in vivo execution of the 

proposed surgical model will assess the validity of this assumption.

There have been previous biomechanical studies of synthetic and biomaterial based 

scaffolds2, 14, 15. However, very few studies have evaluated the performance of the 

mechanical strength of a scaffold in the context of repairing a spanning defect.14, 27, 43. 

Tendon repair with scaffolds involves suturing, which constitutionally creates defects in the 

scaffold and makes the scaffold weaker and vulnerable to failure after repair. The 3-D 

woven nature of the ELAC scaffold inherently contains pores facilitating the location for 

sutures and the repair model showed similar mechanical strength as the individual scaffold 

and the direct repair.

5. Conclusions

Our study was able to establish a repair technique for segmental defects in the rotator cuff 

using a load-bearing woven collagen bioscaffold. The repair was able to withstand similar 

load as the direct repair, validating the biomechanics of ELAC as a fully load-bearing 

scaffold repair construct. A mechanically robust scaffold may decrease early postoperative 

clinical failures and the load-bearing feature of the scaffold repair may help to improve the 

recovery of mechanical strength and creating the potential for the resident cells to receive 

mechanical stimulation. Future work will focus on developing an in vivo model to test the 

biomechanics and biocompatibility of this construct in tendon repair and to check the 

feasibility of the scaffold and the suture model for clinical use.
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Highlights

• We developed a suture technique to attach load-bearing tendon scaffolds to the 

remnant muscle and the bone.

• A fully load-bearing pure-collagen woven scaffold was implanted to replace the 

proper of rabbit infraspinatus tendon.

• The suture technique was able to fully transfer the robustness of the scaffold to 

the scaffold repair scheme.

• The biomechanical evaluation indicated that with the same suture technique, 

scaffold repair showed similar failure load as direct repair and significantly 

higher elastic modulus and toughness than direct repair.
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Figure 1. 
3-D woven scaffold fabrication process beginning from the monomeric collagen solution to 

the final scaffold. The black color of ELAC thread is due to the genipin crosslinking.
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Figure 2. 
Suture technique. A) Full sized tendon repair with full load-bearing woven collagen 

scaffold. B) Direct tendon repair with Krackow suture technique
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Figure 3. 
A) Intact shoulder, B) direct repair suture technique, and, C) woven scaffold repair 

technique.
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Figure 4. 
Mechanical testing of the scaffold repair group.
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Figure 5. 
Typical load-displacement curves of intact shoulder and repaired groups.
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Figure 6. 
Mechanical evaluation of the intact shoulder, repaired groups and scaffold only. A) Failure 

load of scaffold repair approached that of the direct repair and scaffold only. (B) Stiffness 

(C) Displacement at failure and (D) Failure strain of scaffold repair did not significantly 

differ from those of the direct repair and (E) Failure energy of scaffold repair approached 

that of intact infraspinatus and direct repair group and significantly higher than scaffold only 

group. The horizontal line indicates significant difference (p < 0.05).

Islam et al. Page 18

Clin Biomech (Bristol, Avon). Author manuscript; available in PMC 2016 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Islam et al. Page 19

Table 1

Failure loads of sutures. Standard deviations are indicated within parenthesis.

Size Brand Failure Load (N)

2-0 Ethibond 61 (0.14)

3-0 Ethibond 31 (0.32)

3-0 Polydek 28.5 (0.21)

4-0 Polydek 24 (1.2)

6-0 Polydek 8 (0.91)
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Table 2

Failure locations at different repaired groups

Group Tendon Suture Scaffold

Direct Repair 1 4 - Humeral head and
tendon suture junction

N/A

Scaffold Repair 0 1- Suture knot on the
humeral head side

4
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