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A B S T R A C T

Background: Rotator Cuff (RC) tendon tearing is a common clinical problem and there is a high incidence of
revision surgery due to re-tearing. In an effort to improve patient outcome and reduce surgical revision, scaffolds
have been widely used for augmentation of RC repairs. However, little is known about how scaffolds support
tendon stem cell growth or facilitate tendon regeneration. The purpose of this study is to evaluate the structural
and biological properties of a bioactive collagen scaffold (BCS) with the potential to promote tendon repair.
Additionally, we conducted a pilot clinical study to assess the safety and feasibility of using the BCS for repair of
RC tears.
Methods: A series of physical, ultrastructural, molecular and in vitro tests determined the biocompatibility and
teno-inductive properties of this BCS. In addition, a prospective case study of 18 patients with RC tendon tears
(>20 mm in diameter) was performed in an open-label, single-arm study, involving either mini-open or arthro-
scopic surgical RC repair with the BCS. Clinical assessment of RC repair status was undertaken by MRI-imaging at
baseline, 6 and 12 months and patient evaluated questionnaires were taken at baseline as well as 3, 6 & 12
months.
Results: The BCS consists of highly purified type-I collagen, in bundles of varying diameter, arranged in a higher
order tri-laminar structure. BCS have minimal immunogenicity, being cell and essentially DNA-free as well as
uniformly negative for the porcine α-Gal protein. BCS seeded with human primary tendon-derived cells and
exposed to 6% uniaxial loading conditions in vitro, supported increased levels of growth and proliferation as well
as up-regulating expression of tenocyte differentiation marker genes including TNMD, Ten-C, Mohawk and
Collagen-1α1. To test the safety and feasibility of using the BCS for augmentation of RC repairs, we followed the
IDEAL framework and conducted a first, open-label single arm prospective case series study of 18 patients. One
patient was withdrawn from the study at 3 months due to wound infection unrelated to the BCS. The remaining
17 cases showed that the BCS is safe to be implanted. The patients reported encouraging improvements in
functional outcomes (ASES, OSS and Constant-Murley scores), as well as quality of life assessments (AQoL) and a
reduction in VAS pain scores. MRI assessment at 12 months revealed complete healing in 64.8% patients (11/17),
3 partial thickness re-tears (17.6%) and 3 full thickness re-tears (17.6%).
Conclusion: The BCS is composed of type-I collagen that is free of immunogenic proteins and supports tendon-
derived cell growth under mechanical loading in vitro. This pilot study shows that it is safe and feasible to use
BCS for RC argumentation and further controlled prospective studies are required to demonstrate its efficacy.
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The Translational potential of this article: The results of this study indicate that this bioactive collagen scaffold has
unique properties for supporting tendon growth and that it is non-immunogenic. The clinical study further
confirms that the scaffold is a promising biological device for augment of human rotator cuff repairs.
1. Introduction

As much as 30% of the population report some degree of shoulder
pain [1] and this proportion is expected to increase as the population
ages. The most common cause of shoulder pain is rotator cuff (RC) ten-
dinopathy and/or tear. Surgery is often recommended due to persistent
pain, lifelong prevalence of clinical disability and the lack of an intrinsic
capacity for the RC tendon to heal. Surgical repairs which anchor
degenerative tendon(s) to the footprint of insertion are not always
satisfactory. The rate of re-tearing after primary surgery or following
revision is variable and can be as high as 94% [2–4].

The burden of RC disease and high incidence of re-tearing post-sur-
gery have been powerful drivers for investigating the development of a
wide range of biological [5] and synthetic [6] scaffolds that can poten-
tially improve the functional outcome, reduce pain as well as decreasing
the re-tear rate and requirement for revision surgery. A number of studies
have demonstrated that surgical augmentation using scaffolds can reduce
pain, result in higher patient satisfaction and improve function in com-
parison to non-augmented repairs [7,8]. A wide variety of synthetic
materials have been developed for augmenting RC repairs, including
polyester [9,10], polycarbonate/polyurethane [8], polyglycolic acid
[11], polytetrafluoroethylene [12] and polypropylene [13]. These syn-
thetic materials have shown improved biomechanical strength of the RC
repair but there is a lack of evidence for their ability to aid tissue repair
and regeneration of tendon structure. In contrast, biological scaffolds,
composed of collagens derived from either xenograft or allograft tissue,
may have the ability to support tendon-derived cell growth but generally
lack biomechanical strength for augmentation of RC repair [6]. A range
of sources has been used for processing or manufacture of biological
scaffolds including allogenic skin [14–17], porcine dermis [7,18–23],
porcine small intestinal sub-mucosa [24], bovine pericardium [13] as
well as Achilles tendon [25,26]. There are some notable issues con-
cerning the biocompatibility of biological scaffolds. Several RC scaffold
repair materials contain significant amounts of foreign residual DNA [27,
28] or the porcine xenoantigen galactose-α-1, 3-galactose (α-Gal) both of
which have been associated with severe biological reactions resulting in
their surgical excision [24,29–31]. Currently, there are concerns that
xenograft and even allograft scaffolds may contain significant amounts of
residual DNA and/or immunogenic proteins that compromise the effi-
cacy and quality of scaffolds for RC repairs [6].

There is a clear clinical imperative for a user-friendly scaffold for use
in augmenting RC repairs; that is, one which can be easily shaped to
overlay the repair site, facilitates tendon regrowth by enhancing tendon
cell growth and revascularization and if possible, provides additional
biomechanical support during the early healing phase [32]. Here we
report that BCS can be a user-friendly scaffold for augmenting RC repairs.
We showed that BCS (manufactured by decellularization of porcine
connective tissue [33]) is biocompatible, and is structurally unique,
providing a highly-aligned tendon-like matrix that can respond to uni-
axial loading for the growth and differentiation of primary human
tendon-derived cells. In addition we demonstrated safety, patient and
clinically-based outcome and quality of life measures in a series of 17
patients with RC tears who underwent either standard mini-open or
arthroscopic RC repair augmented with BCS.

2. Materials and methods

Samples of BCS were prepared according to previously published
methods [33] and the human tendon-derived cells [34] were provided by
Orthocell for this study. The BCSwas developed and validated for clinical
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use in tendon repair by Orthocell Pty Ltd, Australia, according to the code
of Good Manufacturing Practice, and were cropped to various sizes ac-
cording to the requirements of the individual experiment or clinical need.
IDEAL guidelines for surgical innovation (idea and development stages;
[35]) were used to govern the clinical pathway of the study.

2.1. Material characterization

We tested the BCS handling properties (including strength and suture
retention properties) as well as its water retention capacity. The BCS
thickness and water-absorbing characteristics was measured according to
the method of Pallela [36]. Further details on the methodologies used to
calculate strength measurement and suture retention properties of the
BCS can be found in the supplementary methods section.

2.1.1. Determination of nuclear DNA content in BCS
To determine the potential immunogenicity from remnant nuclear

material, the double stranded DNA content of connective tissue scaffold
samples was determined using the Invitrogen Quant-IT™ according to
the manufacturer's instructions. In brief, samples were prepared as 20
mg/ml working solutions and digested in collagenase (final concentra-
tion 10 mg/ml) for 18 h at 37 �C. Reaction buffer was added and 1, 10 or
20 μl of sample was added to the wells (triplicate repeats). A standard
curve was generated to confirm linearity of DNA concentration deter-
mination produced by the assay (R2 ¼ 0.999). Absorbance was measured
on a Molecular Devices Spectramax M5 plate reader at excitation of 480
nm and emission wavelength of 530 nm.

2.1.2. Determination of mitochondrial DNA content in BCS
Sample purifications and real-time PCR reactions were performed

according to the manufacturer's instructions (Qiagen Mericon Pig kit;
292013). In brief, the PCR reaction consisted of 95 �C for 5 min followed
by 95 �C for 15s, 60 �C for 23s and 72 �C for 10s (40 cycles). Total DNA
content was assessed using a Nanodrop2000 (Thermo-Fisher, USA).
Porcine connective tissue (starting material) and matched post-
processing scaffold materials were obtained from 3 separate runs to
determine batch variability. In each sample of (raw) starting material and
scaffold, 3 separate internal replicates were conducted to determine intra
sample variability. A 200 mg sample of each starting material was used
for determination of mtDNA content, with 50ng/reaction for real-time
PCR used as described in the manufacturer's instructions. An internal
negative control (DNA diluent only) and positive control (porcine DNA¼
120 ng/μl) were used to verify the PCR reaction.

2.1.3. Detection of cell nuclei remnants in BCS by histological analysis
Paraffin embedded sections of BCS samples were stained with hae-

matoxylin and eosin (H & E) according to a standard protocol to detect
cellular nuclei. Sections were flat mounted on glass slides and cover-
slipped prior to imaging on a Zeiss light microscope at a range of
objective magnifications.

2.1.4. Detection of immunogenic porcine α-Gal in BCS
Samples of raw material (prior to the decellularization process),

positive control sample (porcine aortic valve) and BCS were embedded in
OCT solution, frozen by immersion in iso-pentane cooled with liquid-N2
and stored at �80 �C until use. Sections were cut on a cryomicrotome at
10 μm thickness and placed on sialinated glass slides. Sections were
stained for α-Gal according to the manufacturer's (Invitrogen, USA) in-
structions, mounted with Diamond antifade mountant (Invitrogen, USA)
and cover-slipped prior to imaging on a confocal microscope at a range of



Fig. 1. Schematic and intra-operative image of on-lay BCS repair of supraspinatus tendon. (a-c) In either mini-open or arthroscopic surgical approaches, the footprint is
prepared and sutures anchored. (c) A BCS patch (pre-measured to cover the repair site) was passed through the colour coded sutures onto the site of the footprint. (d)
Sutures are fixed into the corners of the BCS patch. (e) Surgical repair of supraspinatus tendon with single-sheet BCS in place following mini-open or (f)arthro-
scopic surgery.
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objective magnifications.

2.1.5. X-ray micro-tomography and scanning electron microscopy
BCS samples were processed for either X-ray microtomography or for

ultrastructural analysis via scanning electron microscopy [33], according
to our previously published methods. Detailed descriptions of these
methods can be found in the supplementary methods and results section.
2.2. In vitro studies of BCS loaded with tendon-derived cells in a bioreactor

Primary human tendon-derived cells (from a total of 5 age-matched
human tendon-biopsy samples; [34]) were obtained from Orthocell
Ltd, cultured in 3D on BCS and exposed to either static or 6% uniaxial
stretching conditions using our in-house bioreactor as previously
described. Details of the cell culture and mechanical stimulation proto-
col, western blotting technique, cell population, proliferation and
apoptosis assays, Terminal deoxynucleotidyl transferase dUTP nick-end
labelling (TUNEL assay), Edu proliferation assay, Immunofluorescence
labelling and confocal imaging as well as the quantitative PCR (qPCR) of
tendon-specific genes are described in full in the accompanying supple-
mentary methods and results section.
2.3. Prospective clinical case series

To test the feasibility for the use of BCS in augmentation of RC in
surgery, we have followed the IDEAL framework of research innovation
in surgery [35] and conducted a first open-label, single-arm pilot study in
both mini-open and arthroscopic surgeries for repair of RC tears. All
ethical considerations, including the study protocol, patient information,
informed consent documents and other relevant documentation were
approved by two independent Human Research Ethics Committees (St
John of God Healthcare Human Research Ethics Committee [Perth,
Western Australia] and Pharma-Ethics (Pty) Ltd, Registration No.
99/13868/07 [Pretoria, South Africa]) prior to study commencement.
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The study was also registered at ANZCTR (trial ID
ACTRN12615001065583P).

2.3.1. Criteria for eligibility
Participants were at least 40 years old and presented with symp-

tomatic full-thickness supraspinatus � infraspinatus tear >20 mm as
verified by MRI, ultrasound imaging or during surgical repair. The
exclusion criteria for this study included evidence of other clinically
significant pathology of the affected shoulder, subscapularis tear
requiring surgical repair, prior shoulder surgery or fracture, active
infection or systemic pathology (e.g. inflammatory joint disease, HIV,
poorly controlled diabetes and neoplastic disorders), metabolic bone
disorder, neuromuscular disease of the affected arm, professional ath-
letes and workers compensation cases.
2.4. Surgery

All surgical procedures were performed by two surgeons (AW&WH).
Short-term post-operative care included immobilisation of the affected
shoulder in an abduction sling for six weeks followed by application of a
standardised post-surgical rehabilitation program [37].

2.4.1. Mini-open approach
In the lateral decubitus position, glenohumeral and subacromial

arthroscopic evaluation was performed. A calibrated probe was used to
confirm a full-thickness supraspinatus tear measuring greater than 20
mm in antero-posterior extent. The subacromial bursa, cuff tendon edge
and greater tuberosity footprint were debrided with a full radius
arthroscopic resector. An acromioplasty was performed in all cases.
Concomitant acromioclavicular joint arthropathy was treated by
arthroscopic excision of the lateral end of clavicle and lesions of the long
head of biceps tendon were treated by biceps tenotomy.

The supraspinatus tendon tear was repaired with a double row suture
bridge technique (Wang 2015), and a full repair was achieved in all cases.



Fig. 2. – Protein and collagen-I/III western blotting of BCS. Following coomassie
blue labelling of collagen scaffold extracts, several bands with molecular
weights higher than 120 kDa were seen (left panel). Staining with a collagen
type-I specific antibody revealed 3 distinctive bands (middle panel) corre-
sponding to the α1/α2, β1 and χ1 chains respectively. Staining with a collagen
III specific antibody (right panel) revealed weak immunoreactivity (arrow)
corresponding to a molecular weight of approximately 160 kDa. MwM ¼ mo-
lecular weight marker; Sc ¼ collagen scaffold sample.
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A 3 cm deltoid splitting mid-lateral surgical approach was made to the
rotator cuff repair site. The BCS patch was cut to the appropriate size,
such that the medial edge of the patch was medial to the medial suture
knots, and the lateral edge of the patch was overlapping the lateral edge
of the repaired cuff tendon by 5 mm. Typically the patch was 25 mm–30
mm in AP dimension and 20 mm in medial-lateral dimension. The rough
side of the patch was placed against the bursal surface of the native
tendon. When hydrated, the patch adhered and conformed closely to the
underlying cuff tendon. The patch was sutured to the cuff tendonwith 2:0
Ethibond or 2:0 PDS simple sutures and the lateral edge of the patch was
fixed to the greater tuberosity with the lateral row anchor sutures
(Fig. 1).

2.4.2. Arthroscopic technique
The patient was placed in the beach chair position with the operated

arm positioned in abduction and forward flexion. Glenohumeral and
subacromial arthroscopy was performed and the full thickness supra-
spinatus tendon tear was measured with the calibrated probe. Eligibility
for study inclusion was confirmed. Concomitant pathology was treated
appropriately. The bursa and cuff tear and greater tuberosity were
debrided. An acromioplasty was performed in all cases.

A double row arthroscopic cuff repair was performed with two Hea-
licoil anchors (5.5 mm Smith and Nephew) as medial row anchors and
incorporating both sutures and tapes. The sutures and tapes were passed
through the tendon, 8–12 mmmedial to the free edge of the torn tendon.
The sutures were tied to reduce the cuff down onto the greater tuberosity.
The BCS patch was measured to cover the repair. Stay colour-coded su-
tures were placed into the corners of the patch, allowing for easy
manipulation within the subacromial space. The patch was folded twice
allowing passage into the subacromial space. The stay sutures were
retrieved sequentially though percutaneous posterosuperior, ante-
rosuperior, posteroinferior and anteroinferior portals. The patch was
gently manipulated into position by pulling on the stay sutures. The tapes
were then retrieved in a suture bridge configuration and secured using
two knotless anchors (Footprint 5.5 mm; Smith & Nephew) creating the
lateral footprint. The patch was evenly distributed over the rotator cuff
repair (Fig. 1). The portals were closed using subcutaneous 3-0 Vicryl,
Steri-Strips and a Primapore dressing applied.

2.4.3. Safety endpoints
Adverse events related to study treatment or procedures were recor-

ded and assessed. These included any systemic or local immune/in-
flammatory reaction or other systemic adverse event related to the study
treatment. In addition surgical or significant medical intervention
required as a result of treatment failure was considered a safety endpoint.

2.4.4. Outcome assessment
At baseline, 3, 6 and 12 months post-treatment an assessment of

symptoms and disability was determined by OSS [38], ASES [39] and
Constant-Murley Score [40], in addition to quality of life measurement
by AQoL [41]. Alleviation of pain was measured as an improvement in
the VAS pain score [42] at 1, 3, 6 and 12 months post-treatment.

The MRI assessments were used to evaluate the safety and efficacy of
implanted BCS and re-tear rate. All patients underwent pre-operative as
well as 6 and 12 month post-operative MRI scans and were examined to
determine the success of rotator cuff repair and the biocompatibility/
potential benefit of the BCS. High resolution MRI scans were performed
on a Phillips 3T Achieva platform (Best, The Netherlands). Standard
proton-density and T2 fat suppressed images were obtained in the
sagittal and coronal images with a FOV of 14 cm, slice thickness of 3–3.5
mm, and a minimum 512 � 512 matrix for the T2 fat suppressed images
increasing into the range of 700–900 for the proton density images.

2.5. Statistical methods

All values for pre-clinical assessment data are expressed as mean �
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SEM, unless otherwise noted. A 2-tailed Student's t test and 1-way
ANOVA, followed by Tukey post hoc test (GraphPad 5.0; GraphPad
Software, La Jolla, CA, USA), were used for determining the statistical
significance (p < 0.05) in the 2-group and multi-group comparisons,
respectively. Clinical data were entered into Excel spreadsheet and
exported to SPSS (v26) for generation of descriptive statistics and testing
of the null hypothesis that there is no difference between the means for
outcome measures or patient demographics at each time point. Omnibus
testing was performed using the repeated measures ANOVA (parametric)
or Friedman's ANOVA (non-parametric measures). Post hoc pairwise
testing was conducted using Bonferroni correction and restricted to
baseline versus time-point pair only. All tests were two-sided with α ¼
0.05.

3. Results

3.1. Material characterization

3.1.1. Handling properties
BCS are flat sheets that maintain their shape. The thickness of single

BCS sheets used for material characterisation analysis of water retention
are 358 � 87 μm (range 253–511; n ¼ 4). The BCS are able to retain 478
� 26% (n ¼ 6) of their initial weight in water. These physical properties
allow the accurate conformation of hydrated BCS with underlying sur-
face topology (Fig. 1e and f). The maximum tensile strength of 6 indi-
vidual BCS membranes (247 � 20 μm thickness) was calculated for both
dry (9.78 � 1.25 MPa) and wet samples (2.95 � 0.40 MPa). The suture
retention forces were determined in duplicates from 3 samples each (345
� 87 μm thickness) tested with either 2:0 monofilament was 7.34 �
1.22N (n¼ 3; range 6.63 – 8.76N) or 3:0 monofilament was 9.37� 1.64N
(n ¼ 3; range 8.42 – 11.26N). Following hydration BCS are flexible and



Fig. 3. - Ultrastructural imaging of BCS with x-ray computed microtomography and SEM. (a) X-ray microtomography rendered image of the smooth surface of the BCS
showing regularly aligned bundles of collagen. In the transverse image (middle panel) peripherally located smooth and rough surfaces surround a less dense core. On
the rough side (right panel) collagen fibres are more loosely and randomly arranged. In a low power electron microscopic image of a transverse sectioned BCS (b)
surface features of the smooth side (black arrowhead) and rough side (white arrowhead) are conspicuous. The BCS smooth side demonstrates loosely and irregularly
arranged collagen bundles with sub-micron sized gaps (c). On the rough side, randomly oriented fibre bundles are discerned (d). Adjacent to the smooth surface in this
transverse section (e), numerous densely packed fibre bundles are observed. (f) A higher magnification (from the boxed area in e) reveals tightly packed individual
type-I collagen fibrils within a bundle. In this high power image (from the boxed area in f) characteristic D-banding of collagen type-I (g) is clearly evident. Bar ¼
100mm (b), 10mm (c), 1mm (d), 100nm (e), 200nm (f & g).
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can be folded into multiple layers to increase the strength (data not
shown).

3.1.2. BCS are composed of type-I collagen
We first conducted coomassie blue protein staining of the BCS and

revealed a discrete series of high molecular weight bands ranging in size
from 120 to 350 kDa (Fig. 2; left panel). After probing with porcine
collagen I specific antibody, 3 bands corresponding to α1/α2 (120 kDa),
β1 (200 kDa) and γ1 (350 kDa) forms of collagen IαI were detected
(Fig. 2; middle panel). Re-probing the membrane with a collagen III-
specific antibody revealed a very weakly positive band at 140 kDa
(Fig. 2; right panel). These results confirm that BCS are composed almost
exclusively of type-I collagen.

To characterise 3D structure, axial alignment and fibrillary compo-
sition of type I collagen, we undertook both x-ray computed micro-
tomography and SEM analysis of the BCS. Cross-sectional x-ray
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computed micro-tomographic analysis, revealed that the BCS are layered
fibrous structures (Fig. 3a) with highly aligned, tightly bundled aniso-
tropic fibres on one side (smooth; Fig. 3a middle panel) adjacent to a
porous core of loosely arranged collagen I and bounded by a more open
and less ordered isotropic structure (rough) on the other (Fig. 3a; right
panel). SEM analysis confirmed that the smooth surface (Fig. 3b) contains
thin flattened bundles of collagen fibres separated by less dense regions
with sub-micron size gaps in between (Fig. 3c). The rough surface con-
tains both single collagen fibrils and flattened fibre bundles that are
loosely arranged and irregularly oriented (Fig. 3d). Adjacent to the
smooth side of the scaffolds (Fig. 3a and b), high power SEM reveals
anisotropic and tightly packed bundles (Fig. 3e), with characteristic type-
1 collagen fibrils (Fig. 3f) with a typical collagen type-I D-banding
morphology and ~65 nm periodicity.



(caption on next column)

Fig. 4. – Growth, proliferation and differentiation of tendon-derived cells on BCS.
MTS cell viability assay of primary human tendon-derived cells grown on
collagen scaffold material (a). At both 4 & 6 days after seeding, cell viability was
increased in the 6% loaded group compared to the static control (0%; p < 0.05).
Primary human tendon-derived cells seeded in static conditions were randomly
oriented on the matrix (b), whereas those subjected to 6% uniaxial loading were
more closely aligned with the direction of force (arrows: c). Labelling with EdU
in the static (d) compared to the 6% uniaxial loaded group (e) revealed a sta-
tistically significant increase (*p < 0.05) in cell proliferation (f). TUNEL label-
ling of tendon-derived cells grown on collagen scaffolds exposed to static (g) or
6% loading (h) conditions showed there were similar numbers of apoptotic cells
(NS, *p > 0.05; i). Primary human tendon-derived cells grown under static
conditions showed relatively low levels of tenomodulin (j) which was increased
in the 6% loading condition (k) some 3-fold (**p < 0.01; l). Similarly, tenascin-
C was expressed in static loaded primary tenocyte cultures (m) although this
was increased in 6% loading conditions (n) up to 2.5-fold (*p < 0.05; o). mRNA
levels (p) for tendon-specific genes were significantly increased following 6%
loading in primary tenocyte cultures for tenomodulin (p < 0.05), tenascin-C (p
< 0.01), mohawk (p < 0.05) and collagen I (p < 0.01), although there were no
significant differences in the levels of scleraxis (NS, p > 0.05). *p < 0.05, **p <

0.01, TNMD ¼ tenomodulin, MKX ¼ mohawk. Bar ¼ 20 μm in g, h, j & k; 50 μm
in b, c, e & f.
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3.1.3. BCS are free of DNA and α-Gal
We have previously reported that several collagen scaffolds that were

widely used for RC repairs contain cellular/DNA components [28] and
these contaminants may underlie the severe immune rejection reactions
following implantation, such as those described for the Restore scaffold
[30,31,43]. To determine if BCS contains nuclear and mitochondrial
DNA and α-Gal, we performed histology, immunohistochemical detec-
tion (for α-Gal) an industry standard (PicoGreen) spectrophotometric
method and a real-time PCR-based mitochondrial DNA assay to assure
BCS are free of DNA and α-Gal content.

The results showed that the raw material for BCS contains a uniform
pattern of eosinophilic fibre distribution with sparsely distributed baso-
philic nuclei characteristic of loose connective tissue (Suppl. Figure 1a).
In contrast, BCS contains no nuclear material (Suppl. Figure 1b),
consistent with removal of cellular removal from the scaffolds during
processing. To further test the nuclear DNA content, we used the Pico-
Green spectrophotometric method [44] and the result showed that the
nuclear DNA content of BCS was below the detection limit of the assay or
<0.05 ng DNA/mg material.

We next used real-time PCR (Mericon mtDNA detection kit) to define
traceable mitochondrial DNA (mtDNA) content levels in BCS. The result
showed that starting raw materials of BCS contain mtDNA at a level of
112 ng/mg, at 80 bp bands corresponding to the cytochrome C target. In
contrast, BCS contains minimum traceable porcine DNA at a level less
than 0.32 ng/mg (Suppl. Figure 2). To summarize, these results show that
BCS contain almost undetectable levels of nuclear and mitochondrial
DNA. The manufacturing process enabled a 350-fold reduction in DNA
content compared to the raw material.

To examine for the presence of α-Gal in BCS, we used porcine aorta as
positive control and compared the positivity of α-Gal in both the starting
raw material and final BCS implant. The result showed the highly
immunogenic α-Gal expression in positive control porcine aorta (Suppl.
Fig 3a) and lower levels of immuno-reactivity of α-Gal expression in
starting raw material (Suppl. Fig. 3b), whereas BCS were uniformly
negative (Suppl. Figure 3c).

3.2. BCS induces tendon-derived cell growth and differentiation under
uniaxial-loading in a bioreactor

We next hypothesised that human tendon-derived cells seeded on BCS
in vitro respond to mechanical loading by increasing cell growth, aligning
along fibres orienting with the direction of force transmission and ex-
press increased levels of tendon-specific differentiation markers. Using
the MTS assay we observed that cell viability on both static and 6%



Fig. 5. CONSORT (Consolidated Standard of Reporting Trials) flowchart for
patients enrolled on the BCS RC surgical repair study (combined mini-open and
arthroscopic approaches). MRI ¼ magnetic resonance imaging; Constant Score
¼ Constant-Murley outcome questionnaire; ASES ¼ American Shoulder and
Elbow Surgeons questionnaire; OSS ¼ Oxford Shoulder Score questionnaire;
AQoL-6D ¼ Adjusted Quality of Life questionnaire; VAS ¼ Visual Analogue
Score questionnaire.
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mechanically loaded BCS increased during the 1–6 days of uniaxial-
loading in a bioreactor (Fig. 4a). In the 6% uniaxially-loaded BCS at
days 4 & 6 a significant increase in O.D.490 was observed in comparison
to statically loaded cell scaffolds (*p< 0.05). Cells were bipolar, rounded
and more randomly aligned in static cultures (Fig. 4b), whereas in 6%
loading conditions they were highly aligned along the direction of force
and exhibited an extended, spindle shapedmorphology (Fig. 4c). In order
to assess tenocyte proliferation, cells were labelled with the s-phase
specific marker EdU. Static cultures showed significantly less nuclear
specific labelling than those exposed to 6% loading (Fig. 4d–f; p < 0.05).
As the total cell population is also regulated by the proportion of cell
death, we assessed TUNEL immunofluorescence labelling of nuclei on
BCS from both static (Fig. 4g) and uniaxially loaded samples (Fig. 4h).
There was no statistically significant difference in the numbers of TUNEL-
labelled cells between groups (Fig. 4i), indicating that the cell viability
increases in response to 6% mechanical loading (Fig. 4a) are largely due
to the increased cell proliferation (Fig. 4f). Together these results indicate
that BCS transmits the forces generated during uniaxial loading to
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increase tenocyte growth in bioreactor.
There is considerable debate concerning the identification of tenocyte

precursors or mature tenocytes, although a number of markers are rec-
ognised and widely used [45]. These include the helix-loop-helix tran-
scription factor scleraxis (Scx), along with the TALE family atypical
Iriquois-like homeodomain protein mohawk (Mkx) which are amongst
the earliest markers of tenocyte differentiation. These transcription fac-
tors are responsible for regulation of tenocyte specific structural proteins
including the glycoprotein tenomodulin (Tnm), the cross-linking protein
tenascin-C (Ten-C) and the main structural collagens including Col-1α1.
In order to determine if BCS can transmit mechanical loading to human
tendon-derived cells, inducing tenocyte differentiation and
tendon-matrix protein production, we immunostained samples with tnm
and 10-C, or quantified cDNA from these cultured cells for tnm, scx, mkx,
10-C or col-1α1. Immunolabelling for tenascin-C (Fig. 4j-l) and teno-
modulin (Fig. 4m–o), revealed that both these tendon specific proteins
were raised in cultures exposed to 6% uniaxial loading. When mRNA
retrieved from cultures was analysed by reverse transcriptase-PCR for
tendon-specific gene expression, tenomodulin (*p < 0.05), tenascin-C
(**p < 0.01), mohawk (*p < 0.05) and collagen type-I (**p < 0.01)
levels were all significantly increased in 6% uniaxial loaded cultures
(Fig. 4p). The cDNA levels for scleraxis were not significantly different
between static and 6% uniaxially loaded tenocyte cultures (NS; p> 0.05).
Together these results showed that the BCS induces tenocyte growth and
differentiation in vitro.

3.3. Prospective clinical case series study

3.3.1. Patient demographics and RC status
We recruited a total of 18 patients (including 2 women; Fig. 5), with a

mean SEM age of 61.9 � 10.1 (range 46.3–80.8 years). The duration of
pre-operative pain in the affected shoulder was 43.9 � 61.1 months
(mean � SEM; range 0.5–240 months) with 16 of the injuries being the
result of trauma and 2 due to degenerative changes. Five were former
smokers. There were no patients enrolled in the study who were lost to
follow up. The antero-posterior mean tendon tear size at baseline in this
series of patients was 26.2 � 3.4 mm (mean � SEM).

3.3.2. Complications
One patient had a wound infection at 9 weeks post-surgery (Fig. 5)

with the causative organism being identified as a Corynebacterium sp.
This patient responded well to i.v. Levofloxacin, prior to arthroscopic
washout and debridement. In the clinical judgement of the surgeon this
adverse event of infection was unrelated to the BCS but possibly related
to the procedure. Following debridement and 5 days of oral Levofloxacin,
the patients’ recovery was uneventful. Due to this adverse event it was
deemed to not be in the best interests of the patient to continue with
study follow-up.

3.3.3. Clinical outcomes
In order to determine whether the mini-open (Suppl. Table 1a) or

arthroscopic (Suppl. Table 1b) surgical approaches could be considered
as one cohort (Suppl. Table 2) for the purposes of this study, baseline
characteristics were compared with respect to age, duration of symptoms
and outcome measures (Constant score, OSS, ASES, AQoL and VAS pain
score). The null hypothesis (i.e. there are no significant differences be-
tween these characteristics when comparing the mini-open and arthro-
scopic approaches) was tested for each parameter using two-sided
Student's T tests with α ¼ 0.05. All comparisons between groups were
found to be not statistically significant, indicating that the groups could
be merged and considered as a single cohort for the purposes of analysis
(Suppl. Table 2).

Functional outcome assessment revealed progressive improvements
in scores compared to baseline following BCS augmentation RC surgery
(Supplementary Table 2). All shoulder outcome measures were signifi-
cantly improved compared to baseline at 12 months: ASES (Fig. 6a; 61.1



Fig. 6. Bar graphs of clinical and patient reported outcome scores following RC surgery augmented with BCS. ASES (a), OSS (b), Constant-Murley (c), VAS-pain (d)
and AQoL (e). Individual points within each bar represent single patient scores. Data is represented as mean � SEM. NS ¼ not significant (p > 0.05); *p < 0.05; **p <

0.01; ***p < 0.005; ****p < 0.001 (ANOVA).
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� 17.0 [range 21.7–85.0] vs 91.0 � 13.3 [range 50–100]; p < 0.001),
OSS (Fig. 6b; 27.5 � 9.3 [range 7–40] vs 42.2 � 5.8 [31–48]; p < 0.001)
and Constant-Murley (Fig. 6c; 51.4� 17.7 [range 18.8–90] vs 83.6� 8.6
[range 70.0–99.1]; p < 0.001). The degree of shoulder pain in this series
of patients (VAS pain scores) at baseline compared to 12 months were
also significantly improved (Fig. 6d; 5.6 � 2.1 [range 1.5–10] vs 0.9 �
1.5; range 0–6; p < 0.001) as were the quality of life indicator AQoL
scores (Fig. 6e; 73.7 � 10.2 [range 51.9–87.3] vs 86.2 � 8.6 [range
70.9–97.5]; p < 0.001). None of these patients experienced any adverse
events or the requirement for revision surgery.

MRI assessment of 17 patients at 12 months revealed complete
healing in 64.8% patients (11/17), 3 partial thickness re-tears (17.6%)
and 3 full thickness re-tears (17.6%). Representative baseline T2w fat
suppressed MRI images (Fig. 7a and c) from patients proceeding to either
mini open (Fig. 7e) or arthroscopic (Fig. 7f) surgical procedures, show
full thickness supraspinatus detachment from the RC anatomical foot-
print prior to repair. At 6 months following surgical repair there is evi-
dence of BCS path signal and there is no longer a fluid filled defect at the
footprint (Fig. 7b and e) in comparison to baseline, with the repaired
tendon containing mildly increased signal intensity. MRI imaging at 12
months (Fig. 7c and f) indicates successful healing of the full thickness
supraspinatus tendon tears.
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4. Discussion

Collagen-based devices have the potential to facilitate tendon
regeneration. A parallel-aligned matrix is important as it can respond to
uniaxial loading and permits the ingrowth, proliferation and differenti-
ation of locally situated tendon-derived cells. It has been shown that non-
aligned collagen-based devices derived from skin (such as GraftJacket
and Permacol), in which the structure does not mimic native tendon
matrix, display histological evidence of a chronic fibro-inflammatory
response and contribute to a failure in clinical outcomes [46]. Here we
show that BCS contains highly aligned type-I collagen fibres in matrix
without immunogenic materials such as α-Gal and DNA, and maintains
its bio-inductive properties supporting tendinogenesis ex vivo. The type-1
collagen matrix has a unique tri-laminar structure. Its 3D morphology is
characterised by loose and randomly arranged fibrils on the “rough” side,
adjacent to a porous core and bounded by dense anisotropically aligned
fibre bundles on the “smooth” side. This BCS enables the support of
tendon-derived cell growth and differentiation in a dynamic mechanical
environment. Tendon-derived cells seeded on BCS are viable, proliferate
and produce tendon-specific transcription factors and matrix proteins.
Furthermore, BCS seeded with tendon-derived cells and subjected to 6%
uniaxial-loading, increase their growth and tendon-specific gene
expression. This data supports the conclusion that an interplay between
BCS structural properties and mechanical stimulation is able to induce
host tendon cell differentiation and matrix production. Our pilot



Fig. 7. T1-weighted coronal magnetic resonance images from patients at baseline (a & d), 6-months (b & e) and 12 months (c & f) following either mini-open (a–c) or
arthroscopic repair (d–f) of the RC with a BCS. (a) Supraspinatus full thickness tear extending to infraspinatus with associated tendinopathy. (b) Supraspinatus tendon
displayed intermediate signal intensity of BCS patch. No fluid filled defect at the footprint was seen. (c) Supraspinatus tendon repair intact with no evidence of re-tear.
(d) Supraspinatus full thickness tear extends to the footprint. (e) The region of supraspinatus and infraspinatus tendons display intermediate signal intensity, reflecting
the repair process of BCS. (f) Supraspinatus full thickness tear resolved with no evidence of re-tear.
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case-series clinical study confirms that the BCS is safe and may be
promising for use in RC tear repairs. All of the 17 patients who underwent
surgical argumentation with either the mini-open or arthroscopy pro-
cedure (including those who completed the clinician/patient outcome
measures) have achieved relatively good clinical outcomes without any
adverse events or the requirement for revision surgery.

Essential criteria for biological devices that are intended for RC
tendon repair are its surgical handling properties, mechanical soundness
and that it is non-immunogenic [32]. We have shown that BCS absorbs
water/tissue fluids, conform to the shape of the repair site, are biocom-
patible and demonstrate no evidence of an inflammatory response. The
BCS hold at least 4 times its weight in water and have a porous archi-
tecture, which permits retention of blood components/bone marrow
stem cells released during the reconstruction procedure which are
postulated to aid in the regeneration and healing of the RC tendon [47].
Currently, reports on the clinical usage of collagen-based medical devices
used in RC repair state that they are not intended to perform a me-
chanical support role [48,49] but there is an essential requirement for
suture retention during surgery. While a single sheet of BCS do not
achieve the required retention strength for biomechanical support of the
RC tendon, this preliminary study in humans has shown that the suture
retention and material strength is sufficient for overlay of the RC surgical
repair.

Xenobiotic and allogeneic collagen-based graft materials for surgical
augmentation of RC repairs have been shown to cause severe localized
inflammation, tissue rejection and significant rates of re-tearing [29,43,
50]. Several scaffold types proposed as augmentation devices for human
soft tissue, including TissueMend, Restore and Graftjacket were found to
contain significant amounts of DNA and/or cellular material capable of
inducing an immune reaction and severe inflammatory phenomena [28,
99
49]. One of these, Graftjacket is a collagen I based material derived from
human cadaveric skin, has been used for over 800,000 augmentations of
RC repairs by 2011. This material has also been reported to contain
allogeneic material that may underlie the reports of adverse events [46].
Failure to remove the immunogenic elements of remnant DNA and
non-collagenous impurities (such as lipids and non-structural proteins) in
these collagen-I enriched scaffolds used for RC repairs, is largely attrib-
utable to the manufacturing process and the source of starting material
[28]. For this reason we evaluated the efficiency of the proprietary based
procedure for cellular and immunogenic material removal from the BCS.
We used a range of methodologies for detection of residual DNA,
including the industry standard PicoGreen assay [44], detection of
basophilic nuclear staining with haematoxylin staining, as well as
detection of porcine mitochondrial DNA using real-time PCR [51]. BCS
are essentially free of cellular material. The residual DNA levels we
detected were well below those described for other materials [27]. This
in vitro data, coupled with the results of the pilot clinical study, are
strongly supportive of the conclusion that BCS have a below-threshold
level of contaminants and do not induce a detectable immune response
in human patients. In addition, we have shown that BCS are also able to
transmit the mechanical loading in vitro which is a process that is
necessary for successful tendon repair. Consistent with previous studies
[52], we showed that the growth of human primary tendon-derived cells
on BCS subjected to 6% uniaxial load is accompanied by increased cell
viability, directed cell alignment, an increase in S-phase DNA synthesis
and induction of tendon matrix production.

This pilot human safety study showed that BCS is safe and feasible for
use in patients during mini-open or arthroscopic RC repair. We showed
that BCS can be sutured and anchored to the bursal surface of the tendon
with the potential to facilitate regenerative tissue repair. Functional
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outcomes scores were all significantly improved in this pilot cohort at 12
months in comparison to baseline, including ASES, OSS, Constant-
Murley, AQoL and VAS Pain measurements. These results are encour-
aging, as at 12 months the overall healing rate for BCS augmented repairs
was 70% and importantly there were no referrals for revision surgery.
This bodes well for long-term outcome in this series of patients, as the 12-
month outcome is predictive of long-term functional recovery after RC
repairs [53]. Re-tearing is common finding following RC repairs.
Although we also observed re-tears after surgery, our results are consis-
tent with those reported in a systematic review of retear rates in scaffold
augmented rotator cuff repairs [54]. There are a number of risk factors
reported in meta-analyses of outcomes of rotator cuff surgery that can
contribute to a higher rate of re-tearing. These include age [55], size of
the initial tear [56], level of post-surgical activity [57], prior cortico-
steroid administration [58], low HDL levels [59] as well as co-existent
shoulder pathology or a fibro-inflammatory genotype of the repaired
tendon [60] and further studies will be required to determine the causes
of re-tearing following augmentation of RC repairs with BCS.

The limitations of the clinical pilot study are the small number of
patients and the lack of a prospective control group (i.e. those not
receiving BCS augmentation). An appropriately powered case-matched,
randomized controlled study would be necessary to assess the efficacy
of the BCS and to determine whether the various concomitant surgical
procedures (e.g. acromial decompression and biceps tenodesis/tenot-
omy) impact the potential improvements in strength, function and
shoulder pain as a result of augmentation. The current study was per-
formed in accordance with the IDEAL framework and was specifically
designed for intermediate tears with diameters >20 mm [61]. Further
studies would also need to be conducted to determine if the BCS can be
used to augment RC repairs in large or massive antero-posterior tears [47,
54,62].

5. Conclusion

The BCS is a teno-inductive/teno-conductive matrix for growth of
primary human tendon-derived cells in vitro. Furthermore, the results of
this pilot case-series indicates that BCS is safe and feasible for use in the
treatment of intermediate size RC tears.
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