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Chapter

Review of Ortho-Biologics in
Rotator Cuff Repair

Andrew Konopitski and Ajith Malige

Abstract

Rotator cuff repair is one of the most commonly performed surgeries in orthopedics,
yet rates of postoperative failure and retear remain relatively high. Poor biology and lim-
ited healing potential at the cuff insertion are frequently cited as potential confounders
to otherwise technically successful surgeries. Over the past several years, ortho-biologics
have been developed in an attempt to augment rotator cuff repairs. The following review
will briefly cover normal biomechanics and histology of the rotator cuff and how this is
altered in cuff tears, provide an in-depth summary of the available literature on vari-
ous ortho-biologic agents, outline the limitations of each agent and give an idea on the
future of ortho-biologics in rotator cuff.

Keywords: rotator cuff repair, biologics, stem cells, growth factors, platelet rich plasma

1. Introduction

Rotator cuff disease is among the most common causes of shoulder pain and
dysfunction in adults. The overall incidence ranges from 87 to 198 cases per 100,000
person-years, with the prevalence only increasing with age [1]. Rotator cuff (RTC)
pathology is present in as few as 10% of symptomatic patients under the age of
20 years, but this rate increases precipitously to 63% in patients over 50 years of age
[2]. While technology and techniques used in rotator cuff repair (RCR) have evolved,
outcomes have generally plateaued. Rates of repair failure continue to range from 20
to 60% and usually occur within the first 15 months of surgery [3]. Furthermore,
rotator cuff re-tear has been associated with significant decreases in patient reported
outcomes and function [3, 4].

Several factors have been postulated to contribute to the relatively high failure rate
of RCR, mostly due to either patient specific versus factors involving surgical technique.
Patient related risk factors can be modifiable (smoking, compliance to post-operative
protocol, strict blood sugar control) or non-modifiable (RCT size, chronicity, patient
age, etc.) [5]. In an effort to improve success after RCR as well as patient outcomes,
surgeons have explored the addition of biologic augmentation aimed at addressing each
of these obstacles to tendon healing. The goals of this review are as follows:

* Review the normal histology and mechanics of the rotator cuff

* Explain how the repaired cuff differs from the native histological structure
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* Introduce several ortho-biologic technologies and their theoretical mechanism of
action and how they are surgically implemented

* Review the current literature on each ortho-biologic application

* Provide a brief discussion on future directions in the field of ortho-biologics.

2. Biomechanics and histology of the native and diseased rotator cuff
2.1 Biomechanics

The rotator cuff is a confluence of both static and dynamic stabilizers that work
together to maintain the instantaneous center of rotation of the humeral head within
the glenoid fossa throughout the arc of shoulder motion [6]. The static stabilizers
include four glenohumeral ligaments, the coracohumeral ligament (CHL) and the
glenoid labrum. The glenohumeral ligaments are discrete capsuloligamentous bands
which become variably tensioned depending on arm position and serve as checkreins
to excessive humeral head translation at the extremes of motion [7, 8]. The CHL
works in conjunction with the superior glenohumeral ligament (SGHL) to resist
inferior humeral head translation with the arm adducted, and the labrum serves not
only to deepen the relatively shallow glenoid fossa but also to contribute to the overall
negative pressure within the glenohumeral joint [8].

While static stabilizers are instrumental in maintaining normal shoulder biome-
chanics, they are far less frequently injured than the dynamic stabilizers which fall
victim to degenerative changes of age, chronic overuse and acute trauma. The four
rotator cuff muscles are the supraspinatus, infraspinatus, teres minor and subscapu-
laris. The supraspinatus originates in the supraspinatus fossa of the scapula and
inserts along the superior aspect of the greater tuberosity. Its primary function is to
work in conjunction with the deltoid to initiate shoulder abduction and to counteract
superior migration of the humeral head [6]. The infraspinatus and teres minor both
insert along the posterior aspect of the greater tuberosity and function primarily as
external rotators of the shoulder as well as resistors to posterior translation, though
the infraspinatus does contribute somewhat to abduction and resistance to superior
translation as well [6, 8]. Lastly, the subscapularis originates in the subscapular fossa
and inserts broadly along the lesser tuberosity, medial to the bicipital groove where
it becomes confluent with the transverse humeral ligament. The subscapularis is a
strong internal rotator of the humerus, resists anterior and inferior translation, and
provides stability to the biceps tendon [8]. Disruption of any one of these dynamic
stabilizers can result in the loss of the physiologic force coupling between the humeral
head and the glenoid leading to pain, weakness, reduced active range of motion and
eventual degenerative changes.

2.2 Histology

Understanding the histology of the rotator cuff is imperative in order to contex-
tualize the use of biologic adjuncts to improve healing responses. Near their insertion
points on the greater tuberosity, the tendons of the supraspinatus and infraspinatus
become confluent into one conjoined tendon. The microscopic cross-sectional
anatomy of the conjoined tendon has been described as being 5 distinct layers. Layer
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1is the most superficial layer composed of fibers from the CHL and is rich in blood
supply. Layer 2 is composed of large bundles of parallel tendon fibers with arterioles
from layer 1 intermixed. Layer 3 has small diameter tendinous bundles which are
loosely packed and have a sparse blood supply. Layer 4 is primarily loose connective
tissue with collagen bundles, and Layer 5 is continuous with the joint capsule and
inserts on the humerus as Sharpey fibers [9]. More simply, the cuff can be thought of
as having a bursal side superficially and an articular side abutting the joint capsule.
The bursal side has more tensile strength and better vascularity than the joint side, yet
it is prone to degenerative tears frequently resulting from impingement whereas joint
sided tears often result from acute trauma [10].

The blood supply to the rotator cuff plays an important role in both injury and
healing potential. Codman in 1934 first described a “critical zone” of the supraspi-
natus tendon roughly 1 cm proximal to its insertion on the greater tuberosity which
exhibited poor blood supply. A cadaveric study by Determe et al. in 1996 confirmed
the presence of this hypovascular zone, and Levy et al. later showed that the presence
of this hypovascular zone is exacerbated in impingement [11, 12]. It has therefore
been postulated that the critical zone plays a significant role in the development of
degenerative rotator cuff tears and may also provide a suboptimal environment for
tendon healing after attempted repair.

The tendon-bone interface, known as the enthesis, is the region of the RTC most
prone to tears and can be separated into four distinct zones: tendon, nonmineral-
ized fibrocartilage, mineralized fibrocartilage, and bone [13-16]. Healing of rotator
cuff tears (RCT) progresses through three overlapping stages. Stage 1 (0-7 days)
is characterized as the inflammatory phase. In this stage, damaged tissues release
various cytokines which recruit inflammatory cells such as neutrophils, monocytes
and fibroblasts. These inflammatory cells release further cytokines, clear cellular
debris and promote early angiogenesis. Stage 2 is the repair phase (5-21 days) in
which a pro-fibrotic environment causes scar formation primarily composed of type
I1I collagen. Stage 3 is the remodeling phase which can last for up to 8 weeks where
type III collagen is steadily converted into type I [17]. Unfortunately, even after
complete remodeling, the resulting healed scar at the enthesis fails to reach the same
biomechanical strength as the native tendon insertion [13]. This is compounded by
the frequent formation of gaps within the repaired tendon which have been shown
through post-operative ultrasonographic and MRI studies [18-20]. The aim of
ortho-biologic augmentation in RCR is to create an environment which minimizes the
amount of type III collagen scar formation and instead

3. Osteoinductive growth factors

The introduction of osteogenic growth factors in RCR is one of the earliest uses of
biologic augmentation aimed at improving the healing response. Studies have shown
that healing of a repaired cuff tendon to bone is dependent on bony ingrowth. In vitro
studies were able to demonstrate improved attachment strength of tendon within
bone tunnels with the addition of bone morphogenic proteins (BMPs) [20]. Through
immunohistological staining, Wiirgler-Hauri et al. isolated eight different osteoinduc-
tive growth factors (bFGF, BMP-12, BMP-13, BMP-14, COMP, CTGF, PDGF-B, and
TGF-p1) which were temporally expressed throughout the 16 week arc of healing
[21]. Following this, Rodeo et al. in 2007 were the first to introduce an exogenous
osteogenic bone protein extract in vivo in a sheep model. A bovine derived extract
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contained a mixture of BMP-2, BMP-7, transforming growth factor-p-1-3 (TGF-p1,
TGF-f3) and fibroblast growth factor (FGF) which was impregnated into a type

I collagen sponge and placed over the repair site. This study demonstrated greater
formation of new bone, fibrocartilage, and soft tissue, with a concomitant increase
in tendon attachment strength, but less stiffness than repairs treated with the type
I collagen sponge carrier alone [20]. An important caveat to this study is that MRI
evaluation of the repairs showed consistent gap formation at the repair sites.

3.1 Bone morphogenic proteins

BMPs are part of the TGF-p family and have been identified as growth factors
important for new bone formation [22]. In vitro studies of BMP-2 and 7 have demon-
strated dose dependent increases in type I collagen production, expression and cellular
activity [22, 23]. Further in vitro study of BMP-7 has shown that it can induce differen-
tiation of mesenchymal stem cells into chondrocytes which promotes the regeneration
of interfacial cartilage and improves the quality of tendon healing [24]. In both rabbit
and rat models, BMP-2 and 7 have demonstrated the ability to enhance new bone
formation and tensile strength in repaired tendon insertions [24-26]. Unfortunately,
no studies have been published on the use of BMP-2 or 7 in human RCR.

BMP-12 and 13 are thought to be important regulators of fibrocartilage, neoten-
don, and ligament formation [27]. There are limited in vitro studies of BMP-12 and
13 in the literature, but several in vivo studies have been published. Seeherman et al.
in 2008 used human recombinant BMP-12 (rhBMP-12) on a collagen sponge carrier
in the sheep model which resulted in higher tensile strength and faster healing times
compared to untreated controls [28]. In the rat model, Lamplot et al. administered
recombinant adenoviral vectors which caused the upregulation of BMP-13 and found
increased biomechanical strength in the healing tendons after 2 weeks [29]. There
is one randomized, multicenter study in humans which implanted an absorbable
collagen sponge treated with BMP-12. This study did demonstrate safety of BMP-12,
but did not evaluate whether there were any clinical, biomechanical or structural
improvements with BMP-12 treatment [30].

BMP-14 has been found at the tendon edges on the bursal side of torn rotator
cuffs. In conjunction with BMP-13, it has been shown to increase the tensile strength
of regenerated tendon [31]. As of yet, no human studies have evaluated the safety or
efficacy of BMP-13 or 14 in isolation for RCR.

3.2 Platelet derived growth factors

Platelet derived growth factor (PDGF) includes a family of 5 soluble, dimeric gly-
coproteins (PDGF-AA, -BB, -CC, -DD, -EE) which are released from alpha granules
in platelets. PDGF-BB has been shown to have mitogenic and chemotactic effects on
tenocytes, fibroblasts and mesenchymal stems cells and is another important growth
factor in tendon healing [32]. One notable point which has been demonstrated with
PDGEF research is the influence of timing of administration on tendon healing, as not
all growth factors are present at equal concentrations throughout the healing process.
The normal peak PDGF-BB concentration occurs between 7 and 14 days after surgical
repair [31]. In a rat patellar-tendon defect model, there was an increased prolifera-
tive response when PDGF-BB was injected on day 3 after surgery, and addition of
PDGF-BB on day 7 improved peak load and pyridinoline content after administration
of the highest dosage of PDGF [33, 34].
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The primary modes of administration for PDGF-BB are by way of suture dip-
coated with the growth factor or by being housed within a type I collagen scaffold.
PDGF-BB dip-coated suture did show overall improved histological scores in sheep
models, but there was no significant increase in ultimate load-to-failure after 6 weeks
[32]. Studies measuring the effect of PDGF-BB impregnated collagen scaffolds in
rat models have provided heterogeneous results and no study has been conducted in
humans [35, 36].

3.3 Transforming growth factor-f§

Transforming growth factor-p (TGF-p) is a ubiquitous growth factor which is
present throughout all phases of tendon healing and is secreted by all cells participat-
ing in the healing response including platelets, lymphycytes, macrophages, endothe-
lial cells and fibroblasts [37]. The three isoforms most closely linked to scar formation
and tendon healing are TGF-f1, TGF-p2 and TGF-$3. Initial studies in TGF-f came
from information gained through the study of healing fetal tissues. It was found that
wound healing in fetal tissue is marked with decreased expression of TGF-f1 and
p2 with increased expression of TGF-p3 [38]. These studies in fetal wound healing
spawned a plethora of similar explorations of TGF-p as it relates to tendon healing in
the rotator cuff. An early study performed by Kim et al. on rat supraspinatus models,
neutralizing antibodies were used in conjunction with an osmotic pump to allow
for the selective presence of each TGF-p isoform in isolation. They found that type
III collagen production was increased in the context of TGF-f1, but were unable to
show significant differences in mechanical properties with any of the isoforms [39].
At the same time, Manning et al. used a heparin/fibrin-based delivery system to
affect a sustained concentration of TGF-p3 to the supraspinatus tendon of rats. They
found significant improvements in tendon healing histologically as well as improved
biomechanical strength [38]. Several years later, Yoon et al. again tested the sustained
administration of TGF-f, but this time using the TGF-f1 isoform. This study found
improved mechanical and histological properties of sustained TGF-f1 delivery on
an alginate scaffold compared to a single TGF-f1 injection or suture repair alone in
the rabbit models [40]. Most recently, Yoon et al. (2021) again tested a sustained
release model of TGF-f1, but this time they developed a porous suture containing the
growth factor and tested it on a rat model. They found similar improvements in the
biomechanical and histological properties with the porous suture containing TGF-f1
compared to controls [41]. As of yet, no study has evaluated the safety or efficacy of
isolated TGF- biologics in human RCR.

3.4 Basic fibroblast growth factor

Early in vitro studies of basic fibroblast growth factor (bFGF) highlighted the
importance of this growth factor in promoting the proliferation of mesenchymal stem
cells as well as collagen production [42]. BFGF, specifically FGF-2, causes fibroblasts
to produce collagenase and stimulates proliferation of capillary endothelial cells,
both of which are necessary for angiogenesis. It also helps to initiate the formation of
granulation tissue [34]. In one of the earliest studies investigating bFGF on rotator
cuff tissue in mice, Ide et al. combined FGF-2 with a fibrin sealant which was then
placed within the greater tuberosity decortication site. They compared the FGF-2
additive to fibrin sealant alone and found that the repair sites were histologically more
mature and biomechanically stronger at 2 weeks, but these improvements were not
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seen at 4 and 6 weeks [43]. Later, Lu et al. loaded bFGF onto a hydroxyapatite coated
orthocord suture and found that the addition of bFGF increased tendon thickness,
but did not show histological improvements [44].

With the advent of collagen scaffolds (discussed below), in vivo studies of bFGF
have greatly expanded. In 2015, Peterson et al. used an FGF-2 impregnated scaffold
in the repair of ovine supraspinatus tendons. At 8 weeks they found thicker tendon
formation which mimicked native tendon structure, more new bone formation, less
gap formation and improved biomechanical properties compared to controls [45].
Tokunaga et al. translated this information to the rabbit model and tested two dif-
ferent concentrations of FGF-2, 3 pg and 30 pg, in a gelatin hydrogel sheet which
was inlayed into the greater tuberosity decortication site prior to tendon repair. At
12 weeks both treatment groups demonstrated improved histologic and biomechani-
cal properties compared to controls [46]. Similar improvements in histologic scores
and biomechanical strength have now been found with the addition of FGF-2 to
chronic RTC tears as well as in the context of platelet-rich plasma (discussed below)
[47, 48]. However, while in vivo evidence supporting the use of bFGF in tendon repair
appears robust, there is no current evidence addressing the safety or efficacy of bFGF
in human RCR.

4. Platelet-rich plasma

Platelet-rich plasma (PRP) has been extensively studied in its use as a stand-alone
or adjunctive treatment option for rotator cuff tears, with its use projected to continue
to increase in the coming years. This autologous agent is obtained from the patient
and centrifuged down in a cost effective manner [49], resulting in a plasma layer that
is highly concentrated in platelets (3-5 times higher than in normal blood) [50]. It
is then most commonly delivered as an injectable concentration to the desired site.
PRP can also be made [17] into a gel state that allows delivery to a specific area with
prolonged function [51]. Ersen et al. studied the delivery method of PRP, finding that
injectable PRP and absorption from a PRP sponge have similar effects on tendon-bone
interface biomechanical properties [52].

There are four types of formulations described: platelet-rich fibrin matrices made
from activating autogenous thrombin with the plasma, leukocyte-platelet-rich plasma
made by retaining leukocytes while preparing the PRP concentration, platelet rich
in growth factors, and an autologous conditioned plasma that is an Arthrex product
(Naples, FL, United States) made from a centrifuged solution of autologous blood
[53-55]. Regardless of type, PRPs have been theorized to be efficacious in tendon
repair due to their myriad of growth factors and cytokines, including transforming
growth factor beta (TGF-p), basic fibroblast growth factor (FGF), insulin-like growth
factor (IGF-1), vascular endothelial growth factor (VEGF), and platelet rich derived
growth factor (PDGF) [56-60].

Proponents of PRP argue that it is an easily harvestable autologous agent with a
low-risk profile that offers the potential to deliver high concentrations of beneficial
growth factors. Detractors note that the final PRP concentration can be highly vari-
able based on patient biology and the preparation process [61]. When considering
their benefit in RCR specifically, in vitro studies have theorized that PRP not only
increases tenocyte matrix synthesis and cell proliferation but also can activate exist-
ing tenocyte progenitor cells that can aid in tendon regeneration and healing [62-64].
Hoppe et al. theorized that existing fibroblasts showed increased proliferation in
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the presence of PRP, citing PRP as a beneficial activator in the healing process [65].
Dolkart et al. used a rat model to demonstrate a higher load to failure, better stiffness,
and improved histological characteristics in a PRP-augmented RCR [66].

Based on these theorized benefits, PRP has been explored as a stand-alone non-
operative treatment option for rotator cuff tears. Kesiburun et al. compared PRP
injections to saline injections, finding that there was no difference in pain scores or
functional outcomes between the two treatment options [67]. Shams et al. compared
subacromial PRP injections to corticosteroid injections, finding that both groups had
improved pain scores post-injection. They also found that patients who received PRP
injections had more pain relief at 3 months postoperatively but similar pain improve-
ment at 6 months compared to the corticosteroid injection group [68].

Studies exploring PRP as an adjunct during surgical rotator cuff repair are hetero-
geneous and hard to draw conclusions from due to the variety of patient biology, cuff
tear patterns, tendon quality, and repair techniques. Studies have demonstrated the
imaging-backed conclusion that PRP injections improve structural healing rates of
the injured tendon with decreased failure rates [69]. This is important, especially in
younger patients, since this can be associated with improved strength and overhead
function. Hurley et al. in their review showed that PRP can reduce the rate of incom-
plete tendon healing in small to medium sized tears and medium to large sized tears
[70]. A few studies have built off of these improvements in tendon healing and have
noted improvements in patient satisfaction and pain scores after rotator cuff repairs
utilizing PRP [71]. Multiple studies have noted lower re-tear rates after RCR utilizing
PRP aswell [69, 72, 73].

However, for the most part these improvements in tendon healing have not
resulted in sustained clinical improvements, as most studies detail a lack of dif-
ferences long-term in patients who undergo rotator cuff repair with PRP using an
adjunct versus those who undergo a repair in isolation [74-76]. Charousset et al.
found no difference in outcomes, both functional and radiographic, or re-tear rates
between repairs completed utilizing leukocyte-rich PRP and those without [77].
Rodeo et al. in their randomized controlled trial reported no difference in tendon
healing or functional improvement after RCR utilizing platelet rich PRP versus
repairs without an adjunct. Interestingly, they did report that using this PRP came
with a 5.8 higher likelihood of tendon-bone healing failure at 12 weeks compared to
repairs without this adjunct [78]. Ruiz-Moneo et al. reported similar improvements
in functional outcomes, patient satisfaction, and tendon healing after RCR utiliz-
ing PRP versus repair without it [79]. These similarities between groups remained
in studies that looked at 10-year outcomes after RCR utilizing PRP versus RCR
alone [80].

5. Stem cells

The use of stem cells to enhance tendon healing responses is a fairly new and
quickly evolving field. It has become evident that tendon healing is a complex pro-
cess that involves the overlapping of a multitude of growth factors and cell types.
Targeting pluripotent stem cells to RCR sites can theoretically prompt the cells to
differentiate into the tenocyte lineage, thus allowing for the production of all the
required growth factors and machinery to create a more robust repair that mimics the
native tendon. The following sections will focus on different sources for stem cells and
will summarize the evidence available for each in the context of RCR.
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5.1 Bone marrow-derived mesenchymal stem cells

Mesenchymal stem cells are pluripotent cells which can differentiate into any
tissue of mesenchymal embryologic origin including muscle, fat, bone and tendon.
This, along with the relative ease with which the cells can be obtained via bone mar-
row aspirate, make bone marrow-derived mesenchymal stem cells (BMSC) attractive
candidates for biologic augmentation in RCR.

In vivo studies of BMSCs have been flooding the literature over the last
10-15 years and have utilized several different animal models as well as delivery
methods. A summary of the literature can be found in Table 1. Overall, in vivo data
supporting the use of BMSC in isolation or in combination with other factors such as
PRP or demineralized bone matrix is strong. It has been shown repeatedly that histol-
ogy of repaired tendon in the context of BMSC tends to closely align with native
tendon structure and biomechanical strength has been shown to improve in concert
with this data [83-87].

5.2 Adipose-derived stem cells

Adipose-derived stem cells (ADSC) have been a more recent focus of investigation
than BMSCs, but have similarly strong in vivo data supporting their use. ADSCs share
a similar advantage to BMSCs in that they are fairly easily harvested and have signifi-
cant pluripotent cell potential [98]. The most commonly cited method for purifica-
tion of ADSCs is the protocol outlined by Zuk et al. in a series of eight steps: obtain
adipose tissue by liposuction, wash raw lipoaspirate, enzymatically digest lipoaspi-
rate, centrifugal separation, lyse contaminating red blood cells, filter, incubate, and
final wash to remove residual red blood cells [98, 99].

A summary of the available evidence for the use of ADSCs is found in
Table 1, but only three of these studies were based on human trials. Kim et al. in
2017 injected ADSC along with a fibrin glue at the conclusion of surgical repair. At
one year, the patients treated with ADSC and fibrin glue did have a significantly
lower retear rate, though this did not translate into improved pain or functional
scores compared to control [100]. The following year Jo et al. published two stud-
ies in which they injected ADSCs directly into partial RCTs. In the first of the two
studies, patients were given either a low, mid or high concentration of ADSC in
order to establish safety and tolerability. After this, a second study was conducted
where all patients received the high concentration injection. In both studies,
patients exhibited improved pain and functional scores as well as near complete
RCT healing on repeat MRI evaluation at 2 years [101, 102]. While the number of
patients included in this study was relatively small, the results show promise for
future applications.

5.3 Umbilical cord blood-derived mesenchymal stem cells

Of the various tissues containing mesenchymal stem cells, human umbilical cord
blood-derived MSCs (UCB-MSC) have theoretical benefits over other tissue deriva-
tives including: (1) the ability to home in on injured tissue, (2) low immunogenicity,
(3) multidirectional differentiation, (4) extensive secretion profiles, (5) ability to be
produced commercially in large quantities with homogenous quality and (6) allogenic
UCB-MSCs are not prone to degenerative impairments of age seen with autologous
MSCs [95].
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First author, year Cell type Vehicle Animal Major findings
model
Gulotta, 2009 [81] BMSC Fibrin RatRCT No change in histology or
biomechanics at 2 or 4 weeks
Gulotta, 2011 [82] BMSC + Fibrin RatRCT Improved histology and
Scleraxis biomechanical strength at 4 weeks
Yokoya, 2012 [83] BMSC PGA sheet Rabbit Improved histology and
RCT biomechanical strength at 8 weeks
Hernigou, 2014 [84] BMSC Injection Human Improved healing rates by US/MRI
RCT with lower rates of retear at 10 years
Degan, 2016 [85] BMSC Fibrin RatRCT Early histoligic and biomechanical

improvement at 2 weeks, no
significance at 4 weeks

Thangarajah, 2017 [86] BMSC DBM Chronic Enhanced bone mineral density at
rat RCT enthesis at 6 weeks
Han, 2019 [87] BMSC + PRP Injection RatRCT Improved histology and
biomechanical strength at 8 and
weeks
Oh, 2014 [88] ADSC Injection Rabbit Improved histology and
RCT biomechanical strength at 6 weeks
Mora, 2014 [89] ADSC Collagen RatRCT Decreased inflammation, no change
Scaffold in biomechanical properties
Lipner, 2015 [90] ADSC + BMP2  Nanofiber Rat RCT Decreased mechanical properties,
scaffold no change in bone mineral density
Chen, 2015 [91] ADSC Injection Rat RCT Initially improved histology and

biomechanical strength at 7 days,
no significant difference at 28 days

Rothrauff, 2019 [92] ADSC + Fibrin, RatRCT ADSC in isolation provided greatest
TGF-p3 GelMA improvement in bone mineral
density over TGF-f3 additive
Wang, 2019 [93] ADSC Injection RatRCT Improved histology and
exosomes biomechanical strength at 16 weeks
Park, 2015 [94] UCB-MSC Injection Rabbit Partial thickness tendon healing
RCT with type I collagen
Kwon, 2018 [95] UCB- Injection Rabbit Improved histological and
MSC + PDRN RTC functional outcomes
Kwon, 2018 [96] UCB- Injection Rabbit No significant differences with
MSC + PDRN RTC treatment
Kwon, 2018 [97] UCB-MSC Scaffold Rabbit Improved histological and
RTC functional outcomes

BMSC—Dbone marrow-derived stem cells, RCT—rvotator cuff tear, PGA—polyglycolic acid, PRP—platelet rich plasma,
ADSC—Adipose-derived stem cells, BMP2—Dbone morphogenic protein 2, TGF-f3—transforming growth factor beta 3,
UCB-MSC—umbilical covd blood-derived mesenchymal stem cell, PDRN—polydeoxyribonucleotudes.

Table 1.
Summary of studies conducted using mesenchymal stem cell derivatives.

Thus far, all published data on UCB-MSCs has been conducted on animal models
that undergo a simulated RCT followed by the later injection of UCB-MSCs under
ultrasound guidance with no attempt at underlying repair. A summary of the
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available data can be found in Table 1. While all studies have shown the ability to
produce at least partial thickness healing with a high concentration of type I collagen,
further investigation is needed to determine the utility of UCB-MSCs in the context
of RCR. It should also be noted that all the available literature regarding UCB-MSC
has been published solely out of Catholic University of Daegu School of Medicine in
South Korea.

5.4 Subacromial bursa-derived cells

Perhaps the most recent tissue type to be harvested for stem cells is subacromial
bursa tissue. The potential for subacromial bursal tissue to supply mesenchymal stem
cells was first described in a protocol outlined by Lhee et al. where human tissue
was obtained, treated with a collagenase to isolate cells, then serially cultured. The
resulting cell lines were then subject to immunohistochemical staining to confirm
their mesenchymal potential [103]. This process was later refined by Morikawa et al.
in an effort to identify an effective, nonenzymatic method for maximizing the yield
of subacromial bursa-derived nucleated cells (SBDC). They found that a mechani-
cal chopping method of tissue processing led to similar yields of SBDC which could
easily be implanted during surgery [104]. Morikawa et al. also conducted an in vitro
study in an effort to compare SBDC to BMSC (discussed above) and found that SBDC
possessed significantly increased differentiation ability and gene expression over time
compared to BMSC [105]. This data has been further substantiated by the work of
Meunch et al. and Landry et al. [106, 107]

Thus far, no in vivo or human trials investigating SBDCs have been published.
Freislederer et al. did publish a technique in which subacromial bursal tissue from
the lateral subdeltoid region is used to overlay the RCR and sutured in place, but no
long-term results from this technique have been reported [108].

6. Scaffolding devices

Biomaterials that are used as a scaffold during rotator cuff repair should fulfill
the following four criteria: (1) they should withstand the stresses placed at the
bone-tendon interface by mimicking the biomechanical properties of native tissue
(2) the physical structure should closely mimic fibrocartilage 3.) the material should
both be biodegradable and lack side effects during degradation 4.) the biomaterial
should be capable of being used in multiple settings and have multiple functions [22].
Furthermore, pore diameter, especially in porous scaffolds, is important to con-
sider, as smaller pores are inefficient and larger pores can compromise the scaffold’s
mechanical properties [109].

Biological, or natural, scaffolds have been formed from human, equine, porcine,
and bovine sources. All the non-collagen components are processed out while the col-
lagen 1-predominant structure is kept in order to maintain its biomechanical proper-
ties [110]. Other scaffolds designed from natural polymers include silk, fibrin, and
polysaccharide based augments [111]. Silk scaffolds in particular have been greatly
explored due to its biodegradable and biocompatible properties. They have been
theorized to both be reliable augments as well as a scaffold for stem cell delivery to the
repair site [112, 113].

Synthetic scaffolds trade out the ability to have better biomechanical proper-
ties compared to natural scaffolds for limited biocompatibility when used in vivo.
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These scaffolds are theoretically more versatile in their tailoring and utilization as
rotator cuff repair augments as well, representing a possibly reproducible source
that can deliver growth factors and stimulate tendon healing with low immunoge-
nicity. However, the lack of biomechanical or clinical superiority of these scaffolds
compared to natural scaffolds has stifled much enthusiasm towards exploring these
structures in rotator cuff repairs [111, 114, 115].

Extracellular matrices have been recently developed as a scaffold patch to sup-
port both cell attachment and matrix formation, aiding in tendon healing after
rotator cuff repair [116]. These patches have been theorized to help augment repairs
either by acting as a load-sharing device that reduces strain across the repair site or
by acting as a scaffold to support cell attachment, matrix synthesis, and new tissue
formation [117]. Data on the efficacy of this augment is limited but promising. Bokor
et al. utilized a collagen patch augmentation and found new tissue formation in all
patients by 3 months after repair and a nearly normal-looking rotator cuff tendon by
12 months [118].

Nanomaterial scaffolds are a more recently developed and utilized polymer that
have had promising results. They have a high surface area to volume ratio and can be
easily altered for their intended use. They have had promising iz vitro, animal, and
clinical studies showing the potential to be used regularly to improve results due to
their ability to be a platform for nanotopography-mediated cell response, the incorpo-
ration of stem cells, and the housing and delivery of active growth factors [119-123].
Based on the structure and biomolecular basis of these scaffolds, they have been
shown to aid in cell proliferation [124], osteogenic differentiation [125], osteogenesis
[126], and improving the biomechanical strength [127] of the healing tendon.

Hydrogel scaffolds have also been explored as useful, biocompatible scaffolds.
Hydrogels are gelatinous viscoelastic structures that can be utilized in various forms
while augmenting rotator cuff repairs. They have been loaded with exogenous
biomolecules, including platelet-derived growth factor [35] and bone morphogenic
protein (BMP) [26], as well as delivered directly iz vivo in combination with pro-
genitor cells and BMP and allowed to polymerize [128]. Both utilizations yielded
a bone-tendon interface that showed greater collagen fiber orientation, improved
biomechanical properties, and higher ultimate failure loads.

7. Vesicular phospholipid gels

Vesicular phospholipid gels (VPGs) are lecithin and aqueous buffer solutions
that allow for the non-toxic and safe prolonged release of growth factors to a specific
location. These products are easy to produce and easy to deliver to a desired location
with minimal systemic effects. This product can theoretically house and deliver any
product that can help improve tendon healing [129, 130]. Buchmann et al. showed
that VPGs filled with granulocyte colony-stimulating factor improved load-to-failure
ratio and improved collagen I/III ratios when combined with rotator cuff repairs
compared with repairs done without VPGs [129].

8. Matrix metalloproteinase inhibitors

Matrix metalloproteinases (MMPs) are a group of enzymes belonging to a family
of 24 zinc-dependent endopeptidases that exist as inactive proenzymes and become
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activated after proteolysis secondary to physiologic or pathologic conditions. Once
active, they break down extracellular matrix components and have been found in high
concentrations with acute RCTs, especially MMP-13 [22, 131, 132]. It has therefore
been hypothesized that inhibiting local MMP activity in RCR will lead to a more
robust healing response. Bedi et al. conducted a rat based study in which three treat-
ment groups were given 130 mg/kg oral doxycycline, a known MMP synthesis inhibi-
tor, at different time frames. Group 1 was treated in the immediate postoperative
period, group 2 was given oral doxycycline starting 5 days postop, and group 3 began
doxycycline treatment 14 days postoperatively. Groups 1 and 2 exhibited improved
histologic healing and load to failure, while group 3 demonstrated no such benefit
[133]. The same group of researchers conducted a follow-up study in a rat model in
which alpha-2-macroglobuline (A2M) was locally applied to the RCR intraoperatively.
While the repair sites did show improved histologic collagen organization, they failed
to demonstrate biomechanical improvements [134].

Studies looking at the effects of MMP inhibition in RCR are limited in both
scope and number, but preliminary in vivo studies have provided promise for future
investigation.

9. Future directions

The most recent research has veered away from utilizing exogenous agents and
towards utilizing intrinsic progenitor cells, or the “stem cell niche.” It is theorized that
while most of these cells are quiescent at baseline, they are stimulated during tissue
injury and repair, and this property can be utilized during RCR. This includes sources
such as previscular mesenchymal stem cells [135], subacromial bursa [136], and
umbilical cord blood [95] among others. Furthermore, continued work is necessary
to try to maximize the localization of stem cell treatments and avoid any systemic
effects, side effects, or possible cellular mutations that can adversely affect the patient
[22]. Finally, most adjuncts have been studied in isolation. The combination of one or
more of the already discussed adjuncts could help achieve results that are more effica-
cious than any adjunct used in isolation.

Outside of the utilization of indogenous agents, gene therapy and gene editing
has also been hypothesized as a possible target in helping to improve the biologic
activity of progenitor cell lineages. The exosomes of mesenchymal stem cells have
recently been extracted and studied as a possible adjunct. It is hypothesized that M2
macrophage-derived exosomes contain proteins and RNA that can stimulate tendon
healing without triggering an immune rejection response; however, further research
is necessary to truly know if they have a beneficial role in tendon healing and whether
any benefit will translate to improved clinical outcomes [137, 138]. The use of aug-
mented sutures and anchors should also continue to be explored [139]. The study of
biomaterials that re-create the bone-tendon interface and can augment tendon repair
have also been of interest recently and should continue to be explored [140]. Finally,
nanotechnology has only been recently explored as a possible adjunct in aiding RCR

success and can continue to be a topic of exploration [141].
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