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ABSTRACT: Rotator cuﬀ tears are a very common shoulder
pathology. Diﬀerent suturing techniques have been used for
surgical cuﬀ repair, but failure of healing remains a signiﬁcant
clinical challenge. The objective of this study was to establish
and compare chronic and acute ovine rotator cuﬀ tear models
in our laboratory and investigate the feasibility of using chitosan
(CS)-platelet-rich plasma (PRP) implants in conjunction with
suture anchors to treat rotator cuﬀ tears in large animal models.
Repair with suture anchors only was used as control. In two
preliminary pilot studies, unilateral full-thickness tears were
created in the infraspinatus (ISP) tendon of mature female
Texel-cross sheep. In the chronic model (n = 4 sheep), the
tendons were capped with silicon and allowed to retract for
6 weeks, leading to degenerative changes, whereas the tendons were immediately repaired in the acute model (n = 4 sheep).
Transected ISP tendons were reattached with suture anchors and, in the case of treated shoulders, implants composed of freezedried CS solubilized in autologous PRP were additionally applied to the tendon−bone interface and on top of the repaired site.
The chronic defect model induced signiﬁcant tendon degeneration and retraction, which made repair more challenging than in
the acute defect model. Half the tendons in the chronic repair model were found to be irrepairable at 6 weeks. In the other half,
the tendons could not be reattached to the footprint due to signiﬁcant retraction, which made this a model of tissue formation in
a gap. In contrast, the acute tendon repair model was executed easily. Extensive bone remodeling and tissue ingrowth at the
tendon-bone interface were observed in the case of treatment with anchors + CS-PRP in both models, suggesting that CS-PRP
implants could potentially modulate rotator cuﬀ healing processes in large animal models.
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increasing initial ﬁxation strength, and mechanical stability
under cyclic loading.8 These procedures are assumed to increase
footprint contact area and restore normal structure and function
of the shoulder,9 while improving the rate of healing.10 However,
patients often experience failed healing or retears.11,12 Failure to
heal occurs in 20−95% of cases at 2 years following surgical
repair,11,13 depending on surgical treatment used,14,15 time
from injury,16 tendon quality,17 muscle quality,18 biological
healing response,19 patient age, number of tendons involved,
and tear size.20 One limitation of current surgical procedures
is that regeneration of the structure and composition of the
native enthesis is not achieved following surgical ﬁxation, and

INTRODUCTION
Rotator cuﬀ tears are a common cause of morbidity in adults
and one of the most common shoulder pathologies.1,2 Cuﬀ tears
are associated with fatty inﬁltration, muscle atrophy, tendon
retraction, and structural and architectural alterations of the
musculotendinous unit.3−5 Ruptures of rotator cuﬀ tendons
may eventually lead to irreversible changes in the shoulder, causing
chronic pain and severe functional disability. Persistent tendon
defects with constant exposure of the intra-articular joint surface
and ﬂuid will occur if a rotator cuﬀ tear is not repaired within a
certain time frame after injury.6 It is believed that there may be
a “point of no return” in rotator cuﬀ injury, with formation of
scar tissue and inﬁltration of fat, after which the elasticity of the
muscle-tendon unit can no longer return to normal.7
The goal of rotator cuﬀ repair is to restore the footprint by
suturing the tendon directly to the tuberosity using sutures
anchors and varying suture conﬁgurations with the aim of
© 2017 American Chemical Society

Special Issue: Biomaterials in Canada
Received: June 4, 2017
Accepted: October 13, 2017
Published: October 13, 2017
3737

DOI: 10.1021/acsbiomaterials.7b00354
ACS Biomater. Sci. Eng. 2018, 4, 3737−3746

Article

ACS Biomaterials Science & Engineering

polydispersity index 1.8) was used to prepare formulations containing
1% (w/v) chitosan, 28 mM HCl, 1% (w/v) trehalose as a lyoprotecting
agent (Life Science) and 42.2 mM CaCl2 as a PRP activator (SigmaAldrich). Formulations were ﬁlter-sterilized and distributed in 1 mL
aliquots into sterile, depyrogenized 3 cm3 glass vials for lyophilization
using the following steps: 1) ramped freezing to −40 °C in 1 h, isothermal 2 h at −40 °C, 2) −40 °C for 48 h, 3) ramped heating to
30 °C in 12 h, isothermal 6 h at 30 °C, at 100 mTorrs.
Preparation of Platelet-Rich Plasma (PRP). Blood was drawn
from the sheep jugular vein immediately prior to surgery. One small
tube of blood was drawn for complete blood count and platelet
analysis. Then, two 9 mL tubes of blood were collected per sheep and
anticoagulated with 1 mL of 3.8% (w/v) sodium citrate each (ﬁnal
citrate concentration 12.9 mM). PRP was extracted with the ACE
EZ-PRP benchtop centrifuge. Brieﬂy, the blood was ﬁrst centrifuged
for 10 min at 1300 rpm. The supernatant and ﬁrst 1−2 mm of
erythrocyte sediment was removed and then centrifuged again at
2000 rpm for 10 min. Only the bottom ∼1.5 mL of each tube was
retained and resuspended to make PRP, so that ∼3 mL of PRP was
extracted per sheep. This isolation method yields a leukocyte-rich PRP
(L-PRP) which contained an average of 409 × 10E9/L platelets
(2X that of whole blood), 6.2 × 10E9/L leukocytes (1× that of whole
blood) and 2.4 × 10E12/L erythrocytes (0.2× that of whole blood).
Experimental Study Design and Surgical Technique.
The protocol for this study was approved by the University of Montreal
committee “Comité de déontologie de l’expérimentation sur les animaux”
(initial date of approval March 10th 2016) and was consistent with the
Canadian Council on Animal Care guidelines for the care and use of
laboratory animals. Eight adult Texel-cross female sheep (age ranging
from 2 to 6 years; weight ranging from 55 to 70 kg) were divided into
a chronic repair model group (Table 1) and an acute repair model
group (Table 2). In both groups, the surgical method included
unilateral exposure of the infraspinatus tendons (ISP) through a
muscle separating approach to the lateral aspect of the shoulder using
general anesthesia and aseptic technique. The ISP tendon was transected
from its original footprint on the humerus, creating a full-thickness
rotator cuﬀ tear. The humeral head was debrided with a surgical scalpel
removing any tendinous tissue still attached. In both the chronic and
acute repair models, the surface of the tuberosity was roughened with
use of a curet and the tendon surface slightly abraded prior to anchor
insertion.
In the chronic repair model (n = 4 sheep; Table 1 and Figure 1), the
tendons were capped with a 5 cm silicon tube (3/4 in. wide Penrose
drain) to prevent spontaneous reattachment and to allow the tear to
degenerate to a chronic stage for 6 weeks. The capped tendons were
engulfed in scar tissue after 6 weeks, at the time of the second surgery.
After freeing the tendons from scar tissue and removing the silicon
tubes, we found that the muscle-tendon unit had signiﬁcantly retracted,
leaving a gap of several centimeters between the end of the tendon and
the tuberosity. In two sheep, the ISP tendons were torn as soon as
they were pulled to close the gap to the tuberosity, and were found to
be irrepairable. Therefore, in those 2 sheep, a defect was created in the
contralateral shoulders, but this time the ISP tendon was capped with a
shorter 5 mm silicon tube and allowed to degenerate to a chronic stage
for 2 weeks, without any further attempt to repair. In the third sheep,
the 6-week chronic defect was repaired with suture anchors and
sutured in a suture bridge conﬁguration using four 4.75 mm PEEK

biological augmentation is one possible approach to overcome
this limitation.21
Growth factors are known to be important in cell chemotaxis,
proliferation, matrix synthesis, and cell diﬀerentiation,22 and
platelet-rich plasma (PRP) is a readily available source of autologous growth factors. PRP injections have been used clinically
to treat rotator cuﬀ tears, since it is believed that increased
concentration of platelet-derived growth factors will stimulate
revascularization of soft tissue and enhance tendon healing.20
However, current clinical evidence does not support the routine
use of PRP injections to treat rotator cuﬀ tears23−27 and PRP
injections are still very controversial in the orthopedic ﬁeld.
Variability in the isolation protocols and resulting preparations
and the poor stability of PRP in vivo are two possible reasons
why results have been inconsistent to date.
Chitosan (CS) is a biodegradable polymer that has been used
for several tissue repair and regeneration applications.
Our laboratory has implemented the use of PRP combined
with freeze-dried CS to form injectable implants that coagulate
in situ.28 In vitro release of platelet-derived growth factors is
increased and platelet-mediated clot retraction is inhibited by
mixing PRP with chitosan.29 CS-PRP implants were shown to
reside for at least 6 weeks subcutaneously in vivo and enhance
cell recruitment to surrounding tissues compared to PRP
alone.28,29 CS-PRP implants were tested in ovine meniscus
repair models where they increased cell recruitment, vascularization, remodelling and repair tissue integration compared to
injection of PRP alone or wrapping the meniscus with a
collagen membrane.30,31 Finally, CS-PRP implants improved
marrow-stimulated cartilage repair and induced bone remodeling in a chronic rabbit defect model.32 We hypothesized that all
of the above would also be beneﬁcial to rotator cuﬀ repair, and
we subsequently showed in a small rabbit model that CS-PRP
implants improve transosseous rotator cuﬀ repair, by favoring
tendon attachment through increased bone remodeling.33
The two pilot studies presented here used CS-PRP implants
in larger sheep rotator cuﬀ repair models. The ﬁrst study used a
chronic repair model, where tendons were allowed to degenerate to a chronic stage prior to repair, while an acute model
with immediate repair was used in the second study. In both
repair models, the infraspinatus (ISP) tendons were surgically
transected and repaired using suture anchors with or without
additional application of CS-PRP implants and healing was
assessed histologically. Our aim was to establish and compare
the larger sheep models in our laboratory and investigate the
feasibility of using CS-PRP implants in conjunction with suture
anchors for rotator cuﬀ repair in large animal models.

■

MATERIALS AND METHODS

Preparation of Freeze-Dried Chitosan Formulations. Chitosan (degree of deacetylation 80.2%, number-average molar mass
Mn 36 000 g/mol, weight-average molar mass Mw 65 000 g/mol,

Table 1. Design of the Chronic Repair Study
sheep
no.
1
2
3
4

treatment right shoulder

treatment left shoulder

necropsy

ISP tendon initially left intact; 6 weeks later, tendon transected and
capped with 5 mm silicon
ISP tendon initially left intact; 6 weeks later, tendon transected and
capped with 5 mm silicon
ISP tendon transected and capped with 5 cm silicon; 6 weeks later,
tendon repaired with 4 suture anchors
ISP tendon transected and capped with 5 cm silicon; 6 weeks later,
tendon repaired with 1 suture anchor + CS-PRP

ISP tendon transected and capped with 5 cm silicon; 6 weeks
later, tendon was found to be irrepairable
ISP tendon transected and capped with 5 cm silicon; 6 weeks
later, tendon was found to be irrepairable
intact control

6 week chronicity
+ 2 weeks
6 week chronicity
+ 2 weeks
6 week chronicity
+ 2 weeks
6 week chronicity
+ 2 weeks

intact control
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degenerated tendons were reattached, the contralateral shoulders were
left intact. The animals were allowed to walk ad libitum postoperatively
and necropsy was 2 weeks after second surgery (n = 4 sheep).
In the acute repair model (n = 4 sheep; Table 2 and Figure 2), the
tendons were transected and immediately repaired with suture anchors

Table 2. Design of the Acute Repair Study
sheep
no.
1

2

3

4

treatment right shoulder
tendon transected and
immediately repaired with
4 suture anchors
intact control

tendon transected and
immediately repaired with
4 suture anchors + CS-PRP
intact control

treatment left shoulder

necropsy

intact control

6 weeks

tendon transected and
immediately repaired with
4 suture anchors
intact control

3 months

tendon transected and
immediately repaired with
4 suture anchors + CS-PRP

3 months

6 weeks

Figure 2. Acute tear model and repair with CS-PRP. (a, b) Fullthickness rotator cuﬀ tears were created in the infraspinatus (ISP)
tendon of the shoulder close to the enthesis in 4 sheep. All tendons
were immediately repaired with 4 suture anchors in a suture bridge
conﬁguration. In 2 out of 4 sheep, repair was augmented with CS-PRP.
(c) The ﬁrst row of anchors were inserted and the sutures were passed
and (d) a ﬁrst injection of 0.5 mL of CS-PRP was applied at the
debrided bone interface. (e) The second row of anchors were inserted
to tighten the sutures and (f) an additional 0.5 mL CS-PRP was
applied on top of tendon at the repaired site and also under the tendon.

Figure 1. Chronic tear model and repair with CS-PRP. Full-thickness
rotator cuﬀ tears were created in the infraspinatus (ISP) tendon of the
shoulder (a, b) close to the enthesis and (c) capped with 5 cm length
of silicon in 4 sheep. (d) At 6 weeks after surgery, the tendons were
macroscopically abnormal and 2 tendons were found to be irrepairable.
One tendon was repaired with 4 suture anchors in the suture bridge
conﬁguration. One tendon was repaired with one suture anchor +
CS-PRP. (e) The sutures were preplaced in a Mason-Allen pattern and
a ﬁrst injection of 0.5 mL of CS-PRP was applied at the debrided bone
interface. The anchor was inserted to tighten the sutures and an
additional 0.5 mL of CS-PRP implant was applied on top of tendon at
the repaired site and also under the tendon. (f) Macroscopic appearance
of an ISP tendon capped for 2 weeks with 5 mm length of silicon.

and sutured in a suture bridge conﬁguration using four 4.75 mm PEEK
Swivelock anchors and 2 mm FiberTape sutures (Arthrex, product
no. AR2324-PSLC and AR-7237). In 2 out of 4 sheep, CS-PRP implants
were additionally applied in a 2-part manner. The ﬁrst proximal row of
anchors was securely inserted and the sutures were passed through the
ISP tendon. Freeze-dried chitosan (1 mL of cake) was solubilized with
1 mL of autologous PRP and 0.5 mL of CS-PRP was injected at the
footprint. The sutures were tightened and the second (distal) row of
anchors was inserted. Then, 0.5 mL of CS-PRP was injected on top of
the repaired site and under the tendon. The animals were allowed to
walk ad libitum postoperatively and necropsy was 6 weeks (n = 2
sheep) and 3 months (n = 2 sheep) after repair.
Specimen Collection and Histological Processing. Animals
were euthanized by sedation followed by captive bolt pistol. The shoulders
were dissected and the humeral head-ISP-tendon unit complex was
harvested en bloc from just proximal to the musculotendinous junction. Glenoid surfaces, muscle biopsies and synovial membrane biopsies were collected. All samples were ﬁxed for several days in 10%
neutral buﬀered formalin and trimmed for further processing. The ISP
insertion sites, humeral head and glenoid surfaces were decalciﬁed
with HCl with trace glutaraldehyde. All samples were dehydrated
in graded ethanol series, cleared with xylene and embedded in paraﬃn. Sections (5 μm thickness) were stained with Safranin O/Fast
Green or Hematoxylin and Eosin and scanned with a Nanozoomer
RS (Hamamatsu), and images exported using NDP View software

Swivelock anchors and 2 mm FiberTape sutures (Arthrex, product
no. AR2324-PSLC and AR-7237). In the fourth sheep, the 6-week
chronic defect was repaired with one suture anchor with the ISP
tendon sutured using a Masson-Allen conﬁguration and the CS-PRP
implant was additionally applied in a 2-part manner. Freeze-dried
chitosan (1 mL cake) was solubilized with 1 mL of autologous PRP
and 0.5 mL of CS-PRP injected at the footprint prior to anchor
insertion and then 0.5 mL of CS-PRP was injected on top and under
the tendon after reattachment. In both of the above repairable cases,
the tendons were too retracted to be reattached at the footprint, hence
a gap remained between the tendon and tuberosity after repair, making
this a model of tissue formation in a gap. In the 2 sheep where the
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(Hamamatsu) for qualitative histological assessment. In addition,
polarized microscopy images of the ISP tendons were obtained with an
Axiolab (Zeiss) microscope equipped with a CCD camera (Hitachi
HV−F22 Progressive Scan Color 3-CCD).

cells (Figure 3o), and this was not observed in the case of the
tendon reattached with suture anchors only (n = 1 tendon)
(Figure 3j−l). In the acute model repaired with suture anchors
only, there was evidence of chondrogenesis within the tendon
body at 6 weeks (n = 1 tendon) (Figure 4f) and abundant GAG
expression at 3 months (n = 1 tendon) (Figure 4m), while
this was not observed in the case of repair with anchors +
CS-PRP (n = 1 tendon at 6 weeks and n = 1 tendon at 3 months)
(Figure 4 i, q). Repaired tendons consisted mainly of disorganized, hypercellular and vascularized tissues (Figures 3 and 4).
The one exception was in the case of repair with anchors +
CS-PRP at 3 months in the acute model (n = 1 tendon), which
was mostly organized in bundles and had a portion of repair tissue
that was structurally similar to normal tendon (Figure 4q−t),
whereas the tendon reattached with suture anchors only
(n = 1 tendon) had mostly abnormal structural organization
(Figure 4m−p). Polarized light microscopy images better
highlight the tendon structural organization (Figure 4).
Histological Appearance of the ISP Tendon−Bone
Junction. Histologically, none of the repaired insertions had
reformed the structure of the native enthesis. In the normal
enthesis (n = 6 total), the diﬀerent zones were easily identiﬁed and no scar tissue was present above the bone front
(Figures 5a−c and 6a−c). The tidemark was still recognizable
in the 2-week capped chronic defects (n = 2) (Figure 5d),
but not in any other group (Figures 5 and 6). In all cases, even
in untreated chronic defects (Figure 5d, g), scar tissue was
growing superior to the enthesis and integration of the scar
tissue with the underlying bone was achieved through bone
remodeling and ingrowth at the junction of the scar tissue
with the original bone front (Figures 5 and 6). Shoulders
treated with anchors + CS-PRP showed extensive bone
remodeling and tissue ingrowth at the tendon-bone junction
in both the chronic repair model at 2 weeks (n = 1 treated with
anchors + CS-PRP vs n = 1 anchors only) (compare o to l
in Figure 5) and the acute repair model at 6 weeks and at
3 months (n = 1 treated with anchors + CS-PRP vs n = 1
anchors only at each time point) (compare g and m to d and j
in Figure 6).

■

RESULTS
Chronic Repair Model Was More Challenging than
the Acute Repair Model. After 6 weeks of chronic degeneration, ISP tendons capped with 5 cm silicon tubes became
macroscopically abnormal throughout and were red, spongy
(Figure 1d), biomechanically weak, and easily torn. Two of
the four tendons were irrepairable. Signiﬁcant retraction had
occurred to the extent that the tendons could not be reattached
at the anatomic footprint. In the two cases where the tendons
were found to be irrepairable, a decision was made to operate
on the contralateral shoulders, cap the ISP tendons with smaller
5 mm silicon tubes and allow the tears to degenerate to a
chronic stage for 2 weeks. Signiﬁcant retraction and structural
abnormalities of the ISP tendon under the capped end were
apparent after 2 weeks (Figure 1f), although changes were less
severe than in the 6-week chronic model. In both the 6-week
capped and the 2-week capped unrepaired defects, abundant
scar tissue surrounded the capped ISP tendons and bridged the
gap to the tuberosity, which suggests that a robust repair
response occurs in this model, even in the presence of a silicon
barrier. In contrast to the chronic model, the acute tear model
was easily executed and the transected ISP tendons could be
reattached at the footprint (Figure 2).
Histological Appearance of ISP Tendons. As expected,
intact ISP tendons (n = 6 tendons total) consisted of ﬁbrocartilaginous tissue organized in bundles with sparse cells and a small
amount of glycosaminoglycans (GAG) (Figures 3a−c and 4a−d).
Histologically, none of the test tendons were structurally similar
to intact (Figures 3 and 4). Acellular areas were observed in ISP
tendons of the chronic defect model, for both the 2-week
capped and the 6-week capped, (Figure 3), but not in tendons
of the acute model (Figure 4). The 6-week chronic defect
repaired with anchors + CS-PRP at 2 weeks (n = 1 tendon) had a
portion of tendon repair tissue that was rich in polymorphonuclear

Figure 3. Safranin O/Fast Green stained paraﬃn sections of the ISP tendons in the chronic repair model. (a−c) Intact control tendons (n = 2
tendons) were organized in bundles, as expected. (d−i) Bundle organization was still apparent in areas of untreated tendons at chronic stage,
whereas other areas were disorganized, hypercellular, and vascularized or hypocellular. (j−l) The tendon of the shoulder treated for 2 weeks with
suture anchors (n = 1 tendon) was mostly disorganized, hypercellular, and vascularized, with a small hypocellular area. (m−o) The tendon of the
shoulder treated with suture anchors + CS-PRP (n = 1 tendon) was mostly disorganized, hypercellular, and vascularized, with a small area organized
in bundles and another area rich in polymorphonuclear cells.
3740
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Figure 4. Safranin O/Fast Green-stained paraﬃn sections and (d, h, l, p, and t) polarized light microscopy images of the ISP tendons in the acute
repair model. (a−d) Intact control tendons (n = 4 tendons) were organized in bundles, as expected. (e−l) At 6 weeks postsurgery, the tendons were
mostly composed of a disorganized and vascular ﬁbrous repair tissue in both groups. (e, f) Chondrogenesis and GAG expression were apparent in
the anchors only group at 6 weeks (n = 1 tendon), but (i, j) this was absent in the tendon treated with anchors + CS-PRP (n = 1 tendon). (m−p)
At 3 months postsurgery, the tendon in the anchors only group contained aligned tissue, expressed high levels of GAG, and had only a small area
organized in bundles (n = 1 tendon). (q−t) In contrast, the tendon in the anchors + CS-PRP group was mostly organized in bundles with a smaller
area of tendon-like repair tissue (n = 1 tendon).

Figure 5. Safranin O/Fast Green-stained paraﬃn sections of the ISP tendon entheses in the chronic repair model. (a−c) Intact controls (n = 2)
had normal entheses consisting of (1) unmineralized ﬁbrocartilage, (2) tidemark, (3) mineralized ﬁbrocartilage, and (4) bone, as expected.
(d) The tidemark was still recognizable 2 weeks after defect creation, but (g, j, m) not at longer time points or after repair. (d, g) Scar tissue was
growing above the entheses in the untreated chronic defects, suggesting that some spontaneous repair can occur even without any treatment in this
model. (f, i, l, o) Integration of the scar tissue with the underlying bone was achieved through bone remodeling and ingrowth into the scar tissue.
Treatment with anchors + CS-PRP increased the area of remodeling bone (n = 1) compared to suture anchors only (n = 1) (compare o to l).

Histological Appearance of Other Tissues. In both the
chronic and acute repair models, the humeral head was macroscopically free of defects, while small synovial fossae, deﬁned as
nonarticulating depressions, were apparent at the center of
almost all of the glenoid surfaces. Almost all humeral heads,
including intact controls, showed signs of GAG depletion
(Figure 7a, c, e, g, and i). Several glenoids, including intact
controls, exhibited GAG depletion as well as other structural
abnormalities including hypercellularity, cell cloning, and
ﬁssures (Figure 7k−m). Muscle histology showed increased
fatty inﬁltration in chronic defects as early as 2 weeks after
defect creation, which was not reversed by repair (Figure 8b, c).
Similarly, fatty inﬁltration was also induced by surgical
detachment and immediate reattachment in the acute repair
model (Figure 8d, e). Histology of the synovial membranes
showed that diﬀerent forms of normal synovium can be found

in sheep shoulders including the adipose form of synovium and
the ﬁbrous form of synovium (Figure 9). There was mild
synovitis and increased cell inﬁltration in the chronic model
treated with anchors + CS-PRP for 2 weeks (Figure 9c), but
not in any other sample.

■

DISCUSSION
The purpose of the current study was to establish and compare
two large animal models of rotator cuﬀ repair in our laboratory
and assess the feasibility of using CS-PRP implants in conjunction with suture anchors for rotator cuﬀ repair. Large animal
models, like sheep, have infraspinatus tendons that are similar
in size to the human supraspinatus,34 making them amenable to
using repair techniques commonly employed in humans.6,35
Although these are very preliminary pilot studies, extensive
bone remodeling and tissue ingrowth at the tendon-bone junction
3741
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Figure 6. Safranin O/Fast Green-stained paraﬃn sections of the ISP tendon entheses in the acute repair model. (a−c) Intact controls (n = 4) had
normal entheses consisting of (1) unmineralized ﬁbrocartilage, (2) tidemark, (3) mineralized ﬁbrocartilage, and (4) bone, as expected. Scar tissue
was growing superior to the entheses from (d−i) 6 weeks to (j−o) 3 months postsurgery. (d−o) Integration of the scar tissue with the underlying
bone was achieved through bone remodeling and ingrowth into the scar tissue. This was more apparent in the anchors + CS-PRP group compared to
the suture anchors only group (compare g and m to d and j) at both 6 weeks and 3 months (n = 1 treated with anchors + CS-PRP vs n = 1 anchors
only at each time point). The site of anchor insertion was apparent in some sections (* in panel j).

Figure 7. Safranin O/Fast Green-stained sections of humeral head and glenoid articular surfaces (a, b) from intact controls, (c−f) from the chronic
defect model, and (g−j) from the acute defect model. (a, c, e, g, and i) The humeral articular surfaces were all structurally normal but showed signs
of GAG depletion. (k−m) Mild structural abnormalities were observed at the center of some glenoid articular surfaces, including GAG depletion,
hypercellularity, cell cloning, and ﬁssures. These were apparent in all treatment groups as well as the intact controls.

that capping the ISP tendons for 6 weeks with 5 cm silicon
tubes likely prevented proper nutrient diﬀusion and led to cell
death and severe tendon degeneration, which rendered some
tendons irreparable. Although degeneration was not as marked
when the tendons were capped for 2 weeks with 5 mm silicon
length, reattachment at the footprint would have been diﬃcult
to achieve because the tendon−muscle unit had signiﬁcantly
retracted. Therefore, this chronic model would constitute a
model of tissue formation in a gap, and not a “true” tendon
repair model, and might be more useful to evaluate the use of
tendon patches to bridge the gap for example. Capping with

were observed in the case of treatment with anchors + CS-PRP,
which suggests that the implants could potentially modulate the
healing response in large models of rotator cuﬀ repair.
It seems that chronic animal models would be a better
approximation of the clinical situation. However, the sheep
exhibits such a robust repair response that it becomes
important to actively prevent or minimize spontaneous
reattachment in delayed healing models, and this can be
achieved by capping the end of the transected tendon. One
important ﬁnding reported here is the diﬃculties we faced
during implementation of the chronic repair model. We found
3742

DOI: 10.1021/acsbiomaterials.7b00354
ACS Biomater. Sci. Eng. 2018, 4, 3737−3746

Article

ACS Biomaterials Science & Engineering

degeneration that we observed here. This type of tendon
release involving an osteotomy has been reported to induce
tendon retraction, muscle atrophy, fatty inﬁltration, and histological changes in the muscle tissue, similar to the clinical
situation.15,36 Other groups have used a preclude sheet to wrap
the ISP tendon and allow the tears to develop to chronic
stage,37,38 and tendon retraction and lipid accumulation in the
muscle tissue also occur in this model. Preclude is a dura
substitute composed of Gore-Tex, with pores of <1 μm in size,
which theoretically would still allow nutrient diﬀusion to the
tendons, and most likely would have been a better choice than
silicon in the current study. We found that abundant scar
tissues bridged the gap between the capped tendon and the
tuberosity after 2 weeks and 6 weeks, which supports the
notion that the healing response is robust and spontaneous in
sheep even in these well-established chronic models.15,36
Immediate reattachment of a transected tendon does not
accurately represent the clinical situation, in which the main
challenge resides in aged patients with chronic tears. However,
these acute models have become an accepted method of rapidly
screening for a treatment’s ability to enhance healing.47 As of
now, we consider the acute repair model to be more consistent
and easily reproducible.
Even though this study presented some challenges, some
interesting ﬁndings are worth further discussion. Polymorphonuclear (PMN) cells were observed in the tendon repair tissue
of the shoulder treated with anchors + CS-PRP at 2 weeks, but
not in the case of suture anchors only. This is not unexpected at
this time point, because CS-PRP implants were previously
shown to induce PMN recruitment for at least 2 weeks in a
rabbit transosseous rotator cuﬀ repair model.33 PMN were no
longer visible at 6 weeks, which suggests that CS-PRP implants
were fully degraded by then, which is consistent with previous
sheep studies using similar doses of the CS-PRP implants, albeit
in the knee joint for meniscus repair.30,31 Similarly to what was
previously seen in the transosseous rotator cuﬀ repair model in
the rabbit, the tendon treated with suture anchors alone
(nonaugmented) showed chondrogenesis and GAG expression
within the tendon body at 6 weeks, while the tendon repair
augmented with CS-PRP did not. The signiﬁcance of chondrogenesis occurring within the tendon repair tissue is still unclear,
but we hypothesize that this may be the ﬁrst step in heterotopic
ossiﬁcation, a well-known complication of tendon injury, which
we previously found was inhibited by treatment with CS-PRP
implants in the transosseous rabbit model.33 GAG deposition
is also frequently observed in cases of tendonosis.39,40 The two
tendons repaired with anchors + CS-PRP repair technique
showed a fairly better tendon structural outcome versus
anchors only at 3 months only, with no apparent improvement
at 6 weeks, possibly through a modulation of timing of the
healing sequence or through increased repair tissue remodeling.
These results are preliminary and comparative studies investigating healing at multiple time points would be required to
establish the mechanisms of action and the eﬀects of CS-PRP
treatment on rotator cuﬀ repair.
During development, tendon-bone integration occurs
through establishment of an embryonic tendon-bone attachment unit, which matures into the ﬁbrocartilaginous insertion,
known as the enthesis.41,42 Maturation of the enthesis appears
to follow pathways similar to the growth plate development.41
The insertion site matures through mineralization of ﬁbrocartilage matrix under the inﬂuence of chondrocyte-like cells,
with associated remodeling through osteoclasts and osteoblasts,

Figure 8. (a, d, e) Hematoxylin and Eosin and (b, c) Safranin O/Fast
Green stained paraﬃn sections of muscle biopsies (a) from intact
control, (b, c) from the chronic defect model, and (d, e) from the acute
defect model. Fatty inﬁltration was not prevented by any treatment.

Figure 9. (a, d, e) Hematoxylin and Eosin and (b, c) Safranin O/Fast
Green stained paraﬃn sections of synovial biopsies (a) from intact
control, (b, c) from the chronic defect model, and (d, e) from the
acute defect model. (c) There was mild synovitis and increased cell
inﬁltration in the chronic model treated with anchors + CS-PRP for
2 weeks.

silicon has been used by other research groups studying chronic
rotator cuﬀ repair in sheep, but the surgery usually involves
osteotomy, leaving a small bone chip attached to the ISP
tendon, with the silicon covering the bone chip and not the
tendon itself,15,36 which may prevent the severe tendon
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creating the interface between tendon and the tuberosity.41
Following repair, however, the tendon−bone insertion site
usually heals through a ﬁbrovascular scar tissue formation,
lacking any sort of reestablishment of the four zones of the
native enthesis.43 Rotator cuﬀ healing occurs in overlapping
phases similar to those observed in the case of wound healing,
namely the inﬂammatory phase, the matrix production phase
and the remodeling phase.44 In the chronic and acute models
used here, the integration of the tendon repair tissue occurred
through bone remodeling and ingrowth at the junction between
the tendon and the underlying bone, and the native structure of
the enthesis was not re-established. Bone remodeling appears to
be a mechanism that enables the repair to become mechanically
stronger. It has previously been suggested that strong healing
between tendon and the tuberosity, with reformation of a new
enthesis, requires bone ingrowth into scar tissue and outer
tendon.45 Other authors have suggested that the formation of a
callus appears to be essential for remodelling the tendon-bone
boundary after injury.46 In that respect, it is signiﬁcant that
extensive bone remodeling and tissue ingrowth were observed
in the case of treatment with anchors + CS-PRP in both
chronic and acute repair models, although it is not possible to
draw statistically supported conclusions on the basis of such a
small number of samples. Of note, CS-PRP implants have
previously been shown to increase bone remodeling over
standard treatment in the context of rotator cuﬀ and cartilage
repair in small rabbit models, leading to better integration of
repair tissues.32,33
There were no treatment-speciﬁc deleterious eﬀects in the
shoulder joint, suggesting that CS-PRP implants have high
safety. Structural abnormalities were visible in most glenoids,
suggesting that greater stresses are applied on that surface
compared to the humeral head in the sheep model. Fatty
inﬁltration of the ISP muscle was induced in both chronic
and acute models, and no treatment could reverse that eﬀect.
A longer follow-up time may be required to see treatmentspeciﬁc protective eﬀects. Mild transient synovitis was present
in the shoulder treated with anchors + CS-PRP at 2 weeks, but
not in the case of suture anchors only, and this was resolved at
the later 6 weeks and 3 month time points, once the biomaterial
was degraded.
There were several limitations to this study. The main
limitation is the small number of animals used, although we feel
that these numbers were reasonable for pilot feasibility studies.
Obviously, a larger number of animals would be required to
draw ﬁrm conclusions, and group sizes of 12 animals per treatment are typically used in sheep rotator cuﬀ repair studies.47
Diﬀerent repair techniques were used for the chronic group,
due to the extensive retraction induced by the silicon capping
technique. Furthermore, although the sheep is a commonly
used model of rotator cuﬀ repair, it is not identical to human.
In contrast to humans, the sheep infraspinatus tendon is not
intraarticular, although a bursa exists underneath the tendon.
The sheep forelimb is also weight-bearing and has no clavicle,
a less-developed acromion, and no coracoacromial arch.47
Most importantly, robust scar tissue formation occurs between
tendon stump and the bone in the sheep, not analogous
to humans, where gaping is a common recurrent problem.
Inability to control postoperative weight-bearing is another
limitation, although these are currently viewed as being diﬃcult
to implement in the sheep.47 Finally, assessment was purely
qualitative and, although improved histological appearance

would be expected to translate into superior performance, no
other type of measurement was performed.

■

CONCLUSIONS
In summary, developing techniques to augment of rotator cuﬀ
repair remains clinically relevant. The technical challenges
associated with the chronic repair model in the sheep make
the acute model preferable for future studies. Despite their
limitations, these two very preliminary pilot studies suggest
that CS-PRP implants could potentially modulate the healing
response in large animal models of rotator cuﬀ repair.
Future work will involve a larger number of animals and a
longer duration of follow-up, with the long-term objective of
translating this technology to the clinic.
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