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ABSTRACT: Current rotator cuff repair commonly involves the use of single or double row suture techniques, and despite successful
outcomes, failure rates continue to range from 20 to 95%. Failure to regenerate native biomechanical properties at the enthesis is
thought to contribute to failure rates. Thus, the need for technologies that improve structural healing of the enthesis after rotator cuff
repair is imperative. To address this issue, our lab has previously demonstrated enthesis regeneration using a tissue-engineered graft
approach in a sheep anterior cruciate ligament (ACL) repair model. We hypothesized that our tissue-engineered graft designed for ACL
repair also will be effective in rotator cuff repair. The goal of this study was to test the efficacy of our Engineered Tissue Graft for
Rotator Cuff (ETG-RC) in a rotator cuff tear model in sheep and compare this novel graft technology to the commonly used double row
suture repair technique. Following a 6-month recovery, the grafted and contralateral shoulders were removed, imaged using X-ray, and
tested biomechanically. Additionally, the infraspinatus muscle, myotendinous junction, enthesis, and humeral head were preserved for
histological analysis of muscle, tendon, and enthesis structure. Our results showed that our ETC-RCs reached 31% of the native tendon
tangent modulus, which was a modest, non-significant, 11% increase over that of the suture-only repairs. However, the histological
analysis showed the regeneration of a native-like enthesis in the ETG-RC-repaired animals. This advanced structural healing may
improve over longer times and may diminish recurrence rates of rotator cuff tears and lead to better clinical outcomes. � 2017
Orthopaedic Research Society. Published by Wiley Periodicals, Inc. J Orthop Res 36:289–299, 2018.
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Rotator cuff (RC) tears are a major orthopedic
challenge in the United States with over 200,000
repair procedures performed annually resulting in
approximately $474 million dollars in health care
costs.1 Furthermore, it is estimated that tendon tears
affect 21–27% of people over the age of 60 with the
prevalence increasing with age.2,3 Currently, the
primary method for rotator cuff repair utilizes a
single or double row suture technique to secure the
ruptured tendon to its attachment interface (enthe-
sis) on the bone. However, despite advancements in
repair techniques, repairs fail 20–95% of the time,
with the greatest incidence of failure in repairs of
full-thickness tears.4,5 Due to the complex anatomy
of the shoulder joint, multiple factors may contribute
to these observed failure rates, including the severity
of the tear, poor vascularization of the tendon, fatty
infiltration, increased scarring leading to decreased
range of motion, and muscle atrophy.6,7 Most impor-
tantly, high failure rates are likely due to the
inability of current treatment techniques to regener-
ate an enthesis, the native tendon to bone interface,
and instead form a weaker, less organized fibrovascu-
lar scar tissue that is prone to failure. An enthesis,
or tendon to bone attachment site, has four transi-
tional zones that create a structurally continuous
gradient of tissue from tendon, through unmineral-
ized fibrocartilage, and mineralized fibrocartilage,

and then to bone.8,9 The zonal composition of an
enthesis has been well described in the literature.9–12

The mechanical properties of tendon and bone differ
significantly, with bone having a modulus of 20GPa
and tendon with a modulus of approximately
200MPa. The orientation of the collagen fiber align-
ment within the enthesis, combined with stratifica-
tion of the enthesis materials, has been shown to
affect the maximum values of stresses and strains in
the enthesis.13 Therefore, it is thought that the
physiological enthesis shape and constitution mini-
mize the stress in the region.

Thus, it is thought that the regeneration of a native
enthesis is critical to improving clinical outcomes for
patients with RC tears. As such, various tissue-
engineering strategies are being developed to improve
surgical outcomes and promote tendon healing, espe-
cially at the enthesis. Current techniques, however,
focus on the development of biological or synthetic
scaffold devices to reinforce the mechanical strength of
the tendon-to-bone connection. During 2010 in the
United States alone, nearly 30,000 rotator cuff repairs
were mechanically reinforced with biological or syn-
thetic patches.14 However, these current patch tech-
nologies do not promote enthesis regeneration. It is
likely that enthesis regeneration following the use of
these patch repair strategies is limited by the variabil-
ity in the degradation rates of scaffold materials,
which do not match the rate of new matrix production
at the regenerating tendon to bone interface.15 More-
over, the use of stiff scaffolding material designed for
initial strength may shield the host cells from mechan-
ical signals required for optimal tissue remodeling
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during regeneration.16–17 Thus, there is a demand for
alternative technologies for repair of tendon injuries.

Previous work from our lab showed successful use
of scaffold-less multiphasic bone-ligament-bone (BLB)
grafts for the repair of an anterior cruciate ligament
(ACL) injury. Used as an ACL replacement graft, these
BLB constructs regenerated a new ACL with the
structural and biomechanical properties of a native
ACL including a native-like enthesis.18–20 These favor-
able results prompted our laboratory to apply this
same technology in a rotator cuff repair model in
sheep.

Thus, the purpose of this study was to compare our
scaffold-less tissue-engineered tendon graft designed
for rotator cuff repair (ETG-RC) to suture-only techni-
ques in the repair of the infraspinatus tendon in a
sheep model. Our goal was to evaluate enthesis
regeneration between the two repair groups through
histomorphological and biomechanical measures. We
hypothesized that the utilization of our ETG-RC as an
underlay that is interposed between the infraspinatus
tendon and bone would improve enthesis regeneration
and collagen organization over the commonly used
double suture-only technique.

MATERIALS AND METHODS
Species Justification and Animal Care
The sheep is a suitable model because the rotator cuff tendons
are similar in size to that of humans, which from a transla-
tional standpoint allows for similar suturing techniques to
improve repairs. Female Black Suffolk sheep (n¼ 23) (Ovis
aries; age, 10–12mo; weight, 55–105kg) were determined to
be healthy by physical examination by a veterinarian at the
University of Michigan’s Unit for Laboratory Animal Medicine
(ULAM). All sheep were housed in groups within approved
large animal facilities for the duration of the study and
randomly assigned to 1 of 2 experimental groups: ETG-RC
repair or suture-only (SO) repair. The left shoulder was
designated as the experimental RC tear and repair with the
unoperated contralateral right shoulder serving as control for
all animals in the study. BMSCs harvested from an adult
male Black Suffolk sheep were used to fabricate our con-
structs. The fabricated ETG-RCs were then implanted into
the female recipients, as described below. All animals were
acclimated to the ULAM husbandry facilities at the Univer-
sity of Michigan for at least one week prior to any procedure.
Sheep were given access to food and water ad libitum. All
animal care and animal surgeries were performed in accor-
dance with The Guide for the Care and Use of Laboratory
Animals21 and the experimental protocol was approved by the
University Committee for the Use and Care of Animals.

Media Preparation
All solutions and media were prepared and stored at 4˚C and
were warmed to 37˚C prior to use (Supplementary Methods).

Isolation and Expansion of BMSCs
Using previously described methods,20–21 bone marrow stro-
mal cells were harvested from an iliac crest marrow aspira-
tion of an adult male sheep using a Monoject Illinois needle
(Sherwood Medical Company, St. Louis, MO) (Supplemen-
tary Methods).

Fabrication of ETG-RCs
We fabricated ETG-RC constructs to span the enthesis as an
underlay that is interposed between the infraspinatus tendon
and bone (Fig. 1): one end of the construct splayed out to
anchor the tendon at multiple points, and the opposite end
compacted to fit inside a bone tunnel drilled in to the
humerus at the site of the enthesis (Supplementary Methods;
Fig. 2). Prior to surgical implantation, constructs were
retrieved from the freezer and allowed to thaw in a 4˚C fridge
for a minimum of 1 h.

In Vitro ETG-RC Characterization
To examine morphological characteristics of the in vitro
ETG-RC, staining with hematoxylin and eosin (H&E), Pic-
rosirius red, and elastin was performed (Supplementary
Methods).

Surgical Techniques and Procedure
Prior to surgery, sheep were randomly divided into two
different surgical repair groups and fasted for 12h. A
fentanyl patch (75mg) was attached to their skin to provide
pre-emptive analgesia. Xylazine (0.22mg/kg IM; MWI, Boise,
ID) and propofol (6mg/kg IV, MWI, Boise, ID) were adminis-
tered for induction of general anesthesia (Supplementary
Methods). A 6 cm skin incision was made over the shoulder
joint to expose the deltoid. The deltoid was then split along
the tendinous division between the acromial and scapular
heads to gain access to the underlying infraspinatus tendon.
The insertion of the superficial head of the infraspinatus
tendon was isolated, and the entire tendon was detached
from its attachment on the tuberosity to simulate a RC tear.
All tears were repaired immediately using either an ETG-RC
repair (n¼ 12), where ETG-RCs were implanted as an
underlay that is interposed between the infraspinatus tendon
and bone in combination with the double-row suture tech-
nique, or with a double-row suture technique only (n¼ 11)
(Supplementary Methods).

Explantation
After a 6-month recovery, the animals were euthanized
(Supplementary Methods). During necropsy, both shoulders
were harvested by removing the humerus and scapula while
keeping the rotator cuff intact. The surgical site was grossly
examined and observations were recorded and digitally photo-
graphed. Radiographs were taken for the grafted and contra-
lateral shoulders to assess the health of the bone, tendon, and
the recovery of the bone tunnels. Shoulders were then further
dissected to isolate the infraspinatus tendon with the hu-
merus and scapula still attached for morphological, histologi-
cal, and biomechanical analyses. Additionally, biopsies of the
infraspinatus muscle, approximately 2mm in diameter and
10mm in length, were obtained and prepared for histological
analysis and single muscle fiber contractility measurements.

Radiographs
A grading system was devised to assess the extent of minerali-
zation of the infraspinatus tendon (Supplementary Methods).
Statistical analysis of specimen brightness was performed
using a Student’s t-test with p value <0.05 considered
significant. Data are presented as mean� standard error.

Muscle Histological Analysis
The infraspinatus muscle samples were frozen in Tissue-
Tek1 O.C.T (Triangle Biomedical Sciences, Durham, NC)

290 NOVAKOVA ET AL.

JOURNAL OF ORTHOPAEDIC RESEARCH1 JANUARY 2018



using isopentane (Fisher Chemical, Fair Lawn, NJ) cooled
with dry ice and stored at �80˚C. Frozen muscles were cross-
sectioned at a thickness of 12mm and prepared for immuno-
histochemistry (IHC) for fiber type analysis (Supplementary
Methods). A minimum of five specimens for each repair
group and respective contralateral shoulders were randomly

selected and analyzed. Muscle fiber size and percentage of
fibers containing different myosin heavy (MHC) isoforms
(types I and II) was evaluated within a randomly selected
fascicle of the infraspinatus muscle. Fiber cross-sectional
area (CSA) measurements for each cross-section were per-
formed by outlining fibers using ImageJ software. Fiber

Figure 1. Fabrication process of ETG-RCs and histo-
logical characterization. (A) Bone marrow stromal cells
isolated from a bone marrow aspiration were obtained
from a male donor sheep and were cultured in vitro
using previously described protocols.20–21 After reach-
ing confluence, the monolayer spontaneously delami-
nated around constraint pins, forming a 3D cylindrical
construct. Six of these single tendon constructs were
then placed side-by-side and allowed to fuse. At the
opposite end, the six constructs were split into three
prongs. The ETG-RC was fully formed after 7 weeks in
culture. (B) H&E stained cross-section of ETG-RC at
7 weeks in vitro and imaged at 20� magnification. (C)
Picrosirius red stained cross-section of ETG-RC at
7 weeks in vitro and imaged at 10� magnification. (D)
Longitudinal section of Picrosirius red stained ETG-
RC after 7 weeks in vitro and imaged at 10�
magnification under brightfield to show collagen con-
tent. (E) Longitudinal section of Picrosirius red stained
ETG-RC after 7 weeks in vitro and imaged at 10�
magnification. Image visualized under polarized light
to show collagen alignment. (F) Longitudinal section of
ETG-RC after 7 weeks in vitro. Immunohistochemical
staining for Elastin showed positive staining. Image
taken at 20� magnification with scale bar indication
200mm.

Figure 2. A pictorial representation of the ETG-RC
surgical implantation. (A) In vitro ETG-RC, approxi-
mately 6 cm in length. (B) Tendon fixation end of
ETG-RC passed through infraspinatus tendon. (C)
Bone-fixation end of ETG-RC passed through a
drilled humeral bone tunnel. Drilled bone tunnel
outlined in blue. (D) Completed double row suture
repair with ETG-RC inserted. (E) Completed double
row suture-only repair.
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counts, fiber type percentages, and CSAs are reported as
mean� standard deviation.

Single Muscle Fiber Contractility
At the single muscle fiber level, contractility was evaluated
using methods previously described22–23 (Supplementary
Methods). Fast fibers (n¼ 8) were tested from each specimen
and the average value was used in statistical analyses.

Tendon Biomechanical Testing
Immediately after dissection, biomechanical testing was
performed on the isolated infraspinatus tendons. The ten-
dons were tested in uniaxial configuration by mounting the
humerus and scapula using custom-designed grips onto (Fig.
3) a material testing system (MTS 810 servo-hydraulic
system) with a 25kN load cell (Supplementary Methods).
The modulus of elasticity was calculated by computing the
slope of the stress-strain curve in the 0.075–0.090 strain
range.

Histological Analysis of Enthesis
To examine the enthesis, each specimen was trisected along
the long axis of the infraspinatus tendon and its humeral
attachment site in the transversal plane into sections using a
scalpel for the tendon and a diamond blade pathology saw for
the humerus (EXAKT 312, Oklahoma City, OK). Digital
images were taken of each specimen following sectioning to
assess the repair of the enthesis between bone and tendon.
The specimens were fixed in 10% neutral buffered formalin
for 48h and decalcified in 10–20% EDTA. Samples were X-
rayed weekly to determine successful decalcification. Once
radiographs confirmed the absence of calcium deposits, the
samples were processed using a standard processing sched-
ule in an automated Histocore Arcadia System (Leica
Biosystems Inc., Buffalo Grove, IL) tissue processor and
embedded in Paraplast paraffin wax (Sigma–Aldrich, St.
Louis, MO). A 7-mm thick serial sections, containing the
repaired tendon and greater tuberosity of the humerus, were
cut and stained with picosirius red, Masson’s trichrome,
hematoxylin and eosin (H&E), and alizarin (Supplementary
Methods). Prior to staining, paraffin-embedded sections were
deparaffinized using xylene and rehydrated through decreas-
ing grades of ethanol. Using an Olympus BX-51 light
microscope, digital images of the stained slides were taken
using a SPOT RT camera (Diagnostic Instruments, Sterling
Heights, MI). Additionally, distal segments of the infra-
spinatus tendon were frozen in Tissue-Tek using dry ice
cooled isopentane and stored at �80˚C until use. Tendons
were cryosectioned at a thickness of 12mm and stained.

Statistical Analysis
The biomechanical and histological outcomes of the two repair
scenarios were compared using one-way ANOVA with Tukey’s
post hoc test with significance indicated by a p< 0.05. Radio-
graphs were analyzed using a Student’s t-test with significance
indicated by a p< 0.05. Data are reported as mean� standard
deviation. Prism 7.0 software (GraphPad Software, La Jolla,
CA) was used to perform statistical analysis.

RESULTS
Gross Morphology of the Surgical Site
At the time of sacrifice, all animals appeared healthy
and showed no signs of infection, pain, or failed
repairs. Two sheep from the ETG-RC repair group

were excluded from the study prior to the 6-month
endpoint measures. One of the sheep died, unexpect-
edly, of a Clostridium perfringens type A enterotox-
emia. The other sheep was sacrificed at an earlier time
point to evaluate the progress of the repair after
4 months. The regeneration of the tendon was less
than optimal, so remaining sheep were allowed to
recover for an additional 2 months. At the 6-month
recovery time, gross evaluation of the infraspinatus
tendon and humerus showed increased connective

Figure 3. Custom-made grip design with humerus and scapula
mounted uniaxially to the MTS. Arrow points to infraspinatus
tendon.
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tissue in suture-only repaired shoulders compared to
ETG-RC repaired shoulders (Fig. 4D–F). However,
both repair techniques had more connective tissue
compared to contralateral shoulders. The cross-
sectional area of the infraspinatus tendon was mea-
sured and both repair techniques resulted in a tendon
with a significantly greater (p<0.001) CSA than
native (79.6� 32.60mm2). Although, the CSA of the
tendons in the suture-only repairs (270.7�127.1mm2)
trended toward greater CSAs values (p¼0.1063) than
ETG-RC (198.0�81.13mm2) repairs.

Radiograph Analysis of the Infraspinatus Tendon
Radiographs of the shoulder joint showed appropriate
and consistent anchor placement with no significant
degradation in either of the surgical groups (Fig.
4A–C). However, during the histological analysis of
the infraspinatus tendon, mineralized regions within
the tendon were discovered. Thus, the radiographic
views of the shoulder were used to examine and
quantify the extent of mineralization in the repaired
infraspinatus tendons and compared to the contralat-
eral control infraspinatus tendon (Fig. 5A–D). The

Figure 4. Radiography and gross morphology of the
enthesis at 6 months. (A–C) Radiographs of represen-
tative shoulders from each group. Arrows point to
anchor screws and site of repair. (D–F) Gross view of
representative infraspinatus tendons from each group
on day of necropsy.

Figure 5. Infraspinatus tendon mineralization. (A)
Control of ETG-RC repair. (B) ETG-RC repair. (C)
Control of suture-only repair. Arrow points to region
of mineralization (D) Suture-only repair. (E) Differ-
ence in grayscale values of ETG-RC and suture-only
repairs, normalized to contralateral shoulders. (#)
Denotes significance p� 0.05 compared to ETG-RC.
Values are reported as mean�SD (n¼ 8 from ETG-
RC and n¼ 11 from suture-only).
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mean grayscale values of the contralateral infraspina-
tus tendons in the ETG-RC and suture-only groups
were not significantly different, 104�6 and 104�5,
respectively. Analysis of the infraspinatus tendons in
the ETG-RC group showed no mineralization and were
not significantly different from their respective contra-
lateral tendons having a mean grayscale value of
105� 6. However, the suture- only group had a
significantly higher (p¼ 0.0003) mineral content in the

infraspinatus tendons than the respective contralat-
eral shoulders (117�6 grayscale units; Fig. 5E).

Biomechanical Testing of Infraspinatus Tendon
Following 6 months of recovery, RC tears repaired
with either ETG-RC or suture technique displayed no
difference in tangent modulus between repair groups.
However, both repair groups were significantly less
stiff than contralateral shoulders (Fig. 6). The mean
modulus of the tendon-bone interface was as follows:
Contralateral (106�24MPa, n¼ 20, p< 0.0001 ETG-
RC, p<0.0001 SO), ETG-RC repair (33� 16MPa,
n¼ 10, p¼0.34), and suture-only repair (21�7MPa,
n¼ 11, p¼ 0.34).

Histomorphometric Analysis of the Enthesis and
Infraspinatus Tendon
Picrosirius red staining was used to evaluate tissue
collagen alignment at the enthesis interface. Collagen
birefringence showed that contralateral and ETG
shoulders had significantly greater collagen alignment
compared to suture-only repaired shoulders. ETG-RC
repaired shoulders were not significantly different
from contralateral shoulders (Fig. 7A–C). Contralat-
eral shoulders had an average brightness value of
81�18 grayscale units. ETG-RC repairs had a mean

Figure 6. Rotator Cuff Stiffness. (�) Denotes significance
p�0.05 compared to control shoulder. Error bars represent�SD.

Figure 7. Collagen Alignment, Fibrocartilage Formation, and H&E at Enthesis. (A–C) Representative images of picrosirius red
staining. Images visualized under polarized light and imaged at 4� magnification. (A) Control shoulder, (B) ETG-RC repair, (C)
Suture-only repair. (D) Mean grayscale values. (#) Denotes statistical significance compared to control shoulder (p< 0.05). (�) Denotes
statistical significance compared to ETG shoulder. Error bars represent�SD. (E–G) Fibrocartilage Formation at Enthesis. Images were
taken at 4� magnification. (E) Control shoulder, (F) ETG-RC repair, (G) Suture-only repair. (H) Percent of metachromasia at the
enthesis. (I–K) Representative images of H&E. Images were taken at 20� magnification. (I) Control shoulder, (J) ETG-RC repair, (K)
Suture-only repair. Arrows points to tendon-bone interface outlined in yellow.
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Figure 8. Mineralization in Suture-only Repair. (A)
Gross view of infraspinatus tendon in Animal #1.
Arrow points to calcified center. (B) Alizarin stained
cross-section of infraspinatus tendon of Animal #1
shows presence of mineralization. Arrow points to
calcified center. Image visualized under polarized
light and imaged at 4� magnification. (C) Gross view
of infraspinatus tendon in Animal #2. Tendon lacks
uniaxial direction and is twisted. (D) Cross-sectional
view of infraspinatus tendon in Animal #2. Arrow
points to calcified center. (E) Gross view of myotendi-
nous junction in Animal #2. Arrow points to ossifica-
tion of myotendinous junction.

Figure 9. Muscle fiber type size and percentage of
composition. (A) Representative images indicating
different fiber types of control, ETG-RC, suture-only
repairs, respectively. (B) Cross-sectional area (CSA)
of slow-twitch fibers. (C) CSA of fast-twitch fibers. (D)
Percentage of distribution of slow-twitch fibers from
control, ETG-RC, and suture-only infraspinatus
muscles. (E) Percentage of distribution of fast-twitch
fibers from control, ETG-RC, and suture-only infra-
spinatus muscles. Values are reported as mean�SD
(n¼ 9 muscles from controls and n¼5 from repair
groups).
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brightness grayscale value of 75�12, while suture-
only repairs had a value of 47�9 grayscale units
(Fig. 7D). The increase in brightness intensity of ETG-
RC repairs suggests an increase in remodeling of the
collagen fiber architecture to a properly organized
collagen fiber framework and resembles native enthe-
sis. In contrast, the suture-only repair appears to be
comprised of disorganized scar tissue at the interface.

The amount of proteoglycan content was evaluated
at the enthesis by determining the area of metachro-
masia of trichrome stained sections. Overall, no signif-
icant difference in area of fibrocartilage formation was

observed in ETG-RC or suture-only repairs, although
suture-only repairs trended towards a higher percent
of metachromasia formation (Fig. 7E–G). The percent
area of metachromasia, or fibrocartilage, at the enthe-
sis for each group was as follows: Contralateral
shoulders (40�19), ETG-RC repairs (30� 15), and
suture-only repairs (42� 13) (Fig. 7H). Images also
showed the linearity of the fibers in that the structure
of the enthesis was more amorphous in the suture-
only repairs, while the ETG-RC had highly aligned
fibers compared to control.

H&E staining was performed for qualitative mor-
phological assessment of the repair. Both repair types
demonstrated signs of regeneration as indicated by
vascularization and increased cellular density. How-
ever, there were distinct differences. H&E staining
showed that the enthesis of ETG-RC repair was
generally composed of graded zones that resembled
native enthesis structure (Fig. 7I and J). This zonal
arrangement was not observed in the suture-only
repairs, which had less fibrocartilage integration and
fewer organized collagen fibers than ETG-RC and
contralateral shoulders. Overall, suture-only repaired
shoulders were characterized by an abrupt boundary
of scar-like tissue at the tendon-bone interface
(Fig. 7K).

Significant differences in gross morphology and
tissue composition were observed in the instances of
tendon mineralization, specifically in suture-only
repairs. Representative examples are shown in Fig-
ure 8. Figure 8A shows that the infraspinatus tendon
in animal #1 appears be calcified in the center, which
was confirmed by histology. Alizarin Red S staining
was performed to visualize the mineralization noted in
the radiographs. Alizarin Red S identifies calcium
mineralization through the birefringent end-product
formed by the Alizarin Red S-calcium complex. Stain-
ing of cross-sections taken at the mid-substance of
infraspinatus tendons in some suture-only repairs did
confirm the presence of calcified mineral, indicating
heterotopic ossification in the tendon following rotator
cuff repair (Fig. 8B).

Additionally, the morphology of the tendon in
animal #2 appears to be abnormally oriented. It lacks
uniaxial direction and is twisted (Fig. 8C–E). This may
be the result of the ossification at the myotendinous
junction, which potentially disrupted fiber alignment
and presumably affected force transmission. Due to
the rigidity of the tissue, a bone saw was used to cut
through the piece shown in Figure 8E. Such geometri-
cal and morphological changes may ultimately lead to
failure of the repair in the future.

Histomorphometric Analysis of the Infraspinatus Muscle
After 6 months of recovery, muscle fiber-type size and
percent distribution of fibers containing different myo-
sin heavy (MHC) isoforms were evaluated in the
infraspinatus muscle from control, ETG-RC, and su-
ture-only groups. IHC staining was performed with

Figure 10. Fiber contractility. (A) Fiber cross-sectional area
(CSA), (B) maximum isometric force (Fo), and (C) specific force
(sFo) of control and repaired infraspinatus muscles. Values are
reported as mean�SD (n¼ 6 muscles from controls and n¼3
from repair groups).
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antibodies specific to MHC I (red) and MHC II (green)
isoforms (Fig. 9A). In the infraspinatus muscle, Type
II fibers were most abundant. There were no signifi-
cant differences in fiber composition of the ETG-RC
and suture-only muscles compared to control (p¼0.89
Type II fibers; p¼ 0.89 Type I fibers). In terms of CSA
of the type II muscle fibers, no differences were
observed compared to contralateral fibers (p¼0.25
ETG-RC; p¼ 0.54 suture-only) (Fig. 9B–E).

At the single fiber level, isolated permeabilized
muscle fibers were tested for contractile properties. No
differences were observed compared to contralateral in
fiber CSAs (p¼0.90 ETG-RC; p¼0.23 suture-only)
(Fig. 10A), maximum isometric force production (Fo)
(p¼ 0.99 ETG-RC; p¼ 0.24 suture-only) (Fig. 10B), and
specific force (sFo) (p¼0.47 ETG-RC, p¼ 0.501 suture-
only) (Fig. 10C).

DISCUSSION
The purpose of this study was to evaluate the efficacy
of our scaffold-less ETG-RC graft in regenerating the
enthesis of the infraspinatus tendon following full-
thickness tear in an acute rotator cuff injury in a
sheep model. We hypothesized that the utilization of
our ETG-RC with traditional double sutures in an
infraspinatus tendon repair would improve enthesis
regeneration and maintain muscle integrity. The high
re-tear rates observed clinically following rotator cuff
repair can be partially explained by a lack of enthesis
regeneration, as the rotator cuff often ruptures at the
tendon-bone insertion site. A technique that success-
fully regenerates a native enthesis, repairs the me-
chanical integrity of the tendon to bone insertion, and
maintains the structure and function of the muscle
will be a significant advancement in the available
technologies for repair of massive RC tears.

Various methods are being studied to improve
tendon-to-bone healing. These techniques include the
application of mechanical reinforcement and/or the
introduction of growth factors to the repair site.24 One
common strategy used to improve the functional out-
come of rotator cuff repair is mechanical reinforcement
of the repair site with a device or scaffold that when
used as an overlay, load-shares the forces across the
repaired tendon-to-bone interface, thereby reducing the
probability of a tendon re-tear. Many different types of
scaffolds have been used in rotator cuff repair, includ-
ing xenografts, allografts, synthetic grafts, or combina-
tions. Such approaches offer the advantage of
mechanical reinforcement during tissue regeneration;
however, results are inconsistent and unreliable, likely
due to the complex anatomy of the shoulder joint, the
variability in the loads placed on the joint during
recovery by the activities of individual patients, and the
fact that a device used as an overlay does not directly
contribute to the regeneration of the enthesis.25 Addi-
tionally, despite extensive decellularization methods,
xenografts, and allografts pose an immunogenic risk,
leading to the increased interest in alternative technol-

ogy, such as biodegradable synthetic grafts.26 A promis-
ing and commonly used surgical patch is a degradable
patch fabricated from human fascia (biological scaffold)
and polylactic-co-glycolic acid (PLGA) and poly-L-lac-
tide (PLLA) materials.26 Utilization of this patch in an
ex vivo canine cadaver model showed that immediately
following repair the tendon to bone interface had a
higher ultimate load to failure compared to a non-
augmented repair. However, an in vivo implantation
study with a 12-week recovery showed the patch-
repaired tendons had a reduced failure load (65%) and
lower stiffness (48%) compared to non-augmented con-
trols. While the histological analysis of the repair site
demonstrated lack of an immunogenic reaction, a
detailed analysis of enthesis regeneration was not
performed.27 Thus, the attribution of proper enthesis
regeneration to the mechanism of failure in this in vivo
study could not be determined. Another commonly used
method for patch fabrication is the use of synthetic
scaffold materials. One study using gelatin-grafted-
PLLA electrospun synthetic patch demonstrated prom-
ising functional and biomechanical outcomes in a rat
model.28 Following an 8-week recovery, this study
showed significant improvements in fibrocartilage for-
mation and collagen organization at the enthesis. The
repair of RC tears with this synthetic patch resulted in
a greater ultimate load-to-failure and stiffness com-
pared to control groups.29 While these results are
encouraging, it should be mentioned that although rats
are used in RC tear injury models, rat tissue regenera-
tion is typically accelerated and does not mimic the
post-surgical failure rates and scar formation observed
in humans and large animal models. In addition, while
synthetic materials appear to a biocompatible option for
the fabrication of patches used for tendon repair, as
they can be fabricated with materials that do not elicit
an immune response, there can be cytotoxic effects of
the degradation products of such patches. One study
found high concentrations of lactic and glycolic acid
leeching from a PLLA scaffold impaired osteoblast
proliferation.29 Impairment of osteoblast proliferation
has been shown to limit the regeneration of the
mineralized fibrocartilage zone comprising a native
enthesis. So, while scaffolds offer the mechanical
stabilization of the joint during recovery, they do not
contribute to the biological aspects of the repair—The
regeneration of native tendon and enthesis tissues.

While there has been limited success in the regener-
ation of the enthesis following RC injury regardless of
the method of repair, interventions utilizing growth
factors have shown some promise in the promotion of
extracellular matrix production, cell proliferation, and
cell differentiation which may enhance tissue regener-
ation and prevent gap formation at the repair site.
Rodeo et al.30 tested the efficacy of a growth factor
cocktail to enhance tendon regeneration and increase
the attachment strength of the tendon to the bone in a
sheep rotator cuff injury model. They reported that
the administration of BMP-2-7, TGF-b-1-3, and FGF
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growth factors using a type I collagen sponge carrier
resulted in improved ultimate load-to-failure after a
12-week recovery time compared to the collagen
sponge implant alone or a suture-only repair. How-
ever, while the study demonstrated that the growth
factor treatment resulted in increased tissue genera-
tion, the resulting tissue was mostly scar tissue rather
than native-like tendon regeneration. Thus, when the
biomechanical properties were normalized by native-
like tendon at the attachment site, the load to failure
was not improved compared to the collagen sponge
implant or suture-only group.30 The introduction of
multiple growth factors to a repair site during or
following repair is promising in that it may improve
the initial biomechanical properties of the tendon-bone
interface but current interventions are limited by
delivery and specificity for stimulating native tendon
versus scar tissue generation.

Thus, our laboratory has designed a tissue-engi-
neered construct, ETG-RC, that does not rely on
scaffold or growth factors and shows improved func-
tional outcomes in a sheep model for RC repair. Using
our ETG-RC technology in a 6-month recovery model,
we demonstrated that the ETG-RC recovered 31% of
the modulus of native tendon, and an 11% increase in
modulus above a suture-only repair. In addition, histo-
logical analysis of the repair site demonstrated positive
effects of the ETG-RC technology showing successful
zonal regeneration of a native-like enthesis. After
6 months in vivo, repair of a torn rotator cuff tendon
with an ETG-RC showed a significant increase in
collagen alignment at the enthesis compared to suture-
only repaired tendons. Previous work in our sheep ACL
studies indicate that the constructs are being decellu-
larized during the early stages of remodeling and
ultimately may serve as a scaffold for the infiltrating
host cells.18–20,31,32 The histological analysis of the
tendon-to-bone interface of suture-only repairs was
characterized by a layer of poorly organized, cellular,
fibrovascular tissue with no evidence of a native-like
enthesis. This is significant because the native struc-
tural organization of the collagen fibers within the
enthesis has been shown to be important in reducing
the magnitude of stress concentrations. Any significant
deviation from native enthesis anatomy may ultimately
result in higher incidence in re-tear at the repair site.
Our histology data showed that ETG-RC repairs
showed a regenerated enthesis and not fibrovascular
scar tissue. In contrast, suture repairs lacked a transi-
tional region and showed an abrupt divide between
tendon and bone with a gap of fibrovascular tissue up
to 1.5mm wide. A previous rotator cuff study has
reported gaps up to 18mm wide.33 However, it is
important to note that our study had a 6-month
recovery period, while the above study was only a
3-month recovery.33 This difference in recovery time
may account for the differences in gap length. Addition-
ally, previous work using our technology in five sheep
ACL studies indicate that at least a 6-month recovery

and up to 2 years is necessary to yield more optimal
outcomes.18–20,31,32

In conclusion, our ETG-RC technology resulted in
improved healing and regeneration of the four graded
zones of a native enthesis. While, the goal of this study
was to evaluate enthesis regeneration between the two
repair groups, the presence of HO in the tendon of
suture-only repairs was an interesting finding. The
literature suggests that the HO present in the suture-
only group may be the result of an excessive inflamma-
tory response and infiltration of macrophages into the
repair site. The literature suggests these macrophages
are capable of BMP synthesis which may ultimately
lead to increased matrix mineralization at the repair
site.34 Additionally, studies show that balance between
macrophage type (M1/M2) is necessary for proper
healing and regeneration.35 Therefore, the absence of
HO in the ETG-RC group suggests a difference in the
regenerative and inflammatory response between the
two repair groups. It is possible that wound healing
response in the suture-only repairs was characterized
by an imbalance of macrophage type and an overabun-
dance of M2 macrophages, which could lead to excessive
fibrosis and matrix deposition.36,37 Future experiments
investigating host cell interactions with the ETG-RC
and pathways of inflammation, cellular migration,
cytokine expressions, and cellularity will be necessary
to determine the mechanism of remodeling toward
native tendon. While the animals in this study did not
undergo any rehabilitation treatment, nor were their
joints physically immobilized (in stark contrast to
human recoveries), we did not observe any changes in
muscle structure or function in either group, potentially
due to the acute nature of the study. The fact that there
are no significant differences in the CSA or force from
fibers shows that we did not get the typical muscle
atrophy following rotator cuff repair. This was most
likely due to the fact that this was not a chronic injury
model and the injured site did not exhibit muscle
atrophy and tendon retraction as typically observed in
the human condition. Thus, future studies will investi-
gate the efficacy of the ETG-RC in a more clinically
relevant chronic injury model with rehabilitation.
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