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Abstract

The rotator cuff is a musculotendon unit responsible for movement in the shoulder. Rotator

cuff tears represent a significant number of musculoskeletal injuries in the adult population. In
addition, there is a high incidence of retear rates due to various complications within the complex
anatomical structure and the lack of proper healing. Current clinical strategies for rotator cuff
augmentation include surgical intervention with autograft tissue grafts and beneficial impacts have
been shown, but challenges still exist because of limited supply. For decades, nanomaterials have
been engineered for the repair of various tissue and organ systems. This review article provides

a thorough summary of the role nanomaterials, stem cells and biological agents have played in
rotator cuff repair to date and offers input on next generation approaches for regenerating this
tissue.

Lay Summary

The rotator cuff is a group of muscles and tendons that allow movement of the shoulder. Rotator
cuff injuries occur often in athletes and in people that frequently perform overhead motion. The
risk of injury also increases with age. Currently, implants from one part of the body to another
are used to surgically repair the rotator cuff, but problems still rise because of limited supply in
patients. To overcome this challenge and other concerns, nanomaterials have been used to help
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renew damaged tissues and organs. In this review article, we describe the role of nanomaterials,
stem cells and biological agents in rotator cuff repair and provide insight on strategies for
successful rotator cuff regeneration.
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Rotator cuff regeneration; fatty infiltration; nanofibers; drug delivery vehicles; nanofibrous
scaffolds

[. Introduction

Shoulder disorders have significantly impacted the adult population, in particularly causing
the elderly debilitating pain, reduced function, and joint instability [1], [2]. Rotator cuff
injuries are one of the most predominant soft tissue-related pathologies. As a result,

more than 200,000 rotator cuff repair procedures per year are performed in the United
States [3]-[5]. Clinical interventions are necessary because the rotator cuff does not heal
properly as a result of the complex anatomical structure and range of motion in the
shoulder [4], [6]. High retear rates (between 26% and 94%) still exist after rotator cuff
surgical intervention due to infection, stiffness, patient age, tear size, muscle atrophy, and
fatty infiltration [3], [7]. Clinical strategies to repair or regenerate the rotator cuff include
suture techniques and tissue grafts. Large and massive tears owing to the short remnant
tendon length cannot be repaired by suture techniques [8], [9] and need a reinforcement to
help healing and regeneration. Rotator cuff augmentation with tissue grafts may promote
mechanical integrity, tissue remodeling and surgical outcomes. Despite all the advantages
of autograft compared to allograft and xenograft, in terms of immunological rejection, this
strategy shows limitations that include donor-site morbidity and limited availability [3], [10],
[11]. To overcome these challenges, researchers have investigated engineered scaffolds as
an alternative approach for tissue regeneration. Nanomaterials (defined as those materials
with constituent dimensions less than 100 nm) can mimic the native tissue and provide
promise as a substitute for aiding tissue restoration [12]. Therefore, it is imperative to
understand the impact of nanomaterials, specifically nanofibrous matrices, on the rotator
cuff microenvironment presented in this paper. In addition, we must acknowledge the
regenerative engineering approach, a new paradigm of converging developmental biology,
stem cell science, physics and advanced material sciences, is warranted for successful
rotator cuff regeneration [13]. This review provides a detailed overview on the role of
nanomaterials, with focus on nanofibrous materials, stem cells and biological agents for
rotator cuff regeneration. More specifically, the article illustrates the importance of muscle
and tendon regeneration emphasizing fatty infiltration and repair strategies. Here, we also
give insight and describe regenerative engineering strategies to overcome repair challenges
towards promising rotator cuff regeneration techniques.

Il.  Anatomy of the Rotator Cuff: Musculotendon Structure

The stability and movement of the shoulder are controlled by four muscles, supraspinatus,
subscapularis, infraspinatus and teres minor, whose tendons, named the rotator cuff, connect
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the muscles from scapula to humerus through a tendon-bone insertion (Figure 1) [3],

[14]. The amalgamated structure and its surrounding form a capsule-cuff complex and
together transmit force from muscle to bone [15]. The presence of collagens, elastins and
proteoglycans impact the physical and chemical properties of the tendon. Type-I Collagen
provides mechanical strength and is present in highest concentrations compared to other
types of collagens and Type-I11 Collagen contributes to healing and repair.

The delay between the time of rotator cuff injury and surgical repair is one of the most
commonly observed challenges. This duration between repair is described by category,
specifically “acute”, “sub-acute” and “chronic”. An acute rotator cuff injury involves the
immediate repair of the injury, while sub-acute and chronic refer to a prolonged duration
between time of injury and repair. A sub-acute or chronic rotator cuff injury can lead to fatty
infiltration, also referred to as fatty degeneration, a condition leading to the damaging and
weakening of rotator cuff muscles that occurs after rotator cuff tearing. Fatty degeneration is
characterized by atrophy of muscle fibers, fibrosis and fatty accumulation within and around
the muscles (Figure 2) [16], [17]. More importantly, fatty infiltration of the muscle has a
significant influence on the high rate of rotator cuff retear after surgery. Significant research
has focused on rotator cuff injury and repair, but there is still more to uncover about the

regeneration of the soft tissue.

lll. Strategies for Rotator Cuff Regeneration

Clinically, surgical strategies have failed to gain a satisfactory treatment for massive

rotator cuff tears, therefore, tissue regeneration strategies including growth factors, stem
cell therapy, and biomaterial-based structures are being investigated to address current
challenges. Platelet-rich plasma (PRP) which uses the patient’s own blood to supply
growth factor that promotes a healing response, but research demonstrated conflicting
evidence concerning the effectiveness and efficacy of the platelet-rich plasma [18], [19].
Studies including stem cell therapies in human trials have displayed some significance

in reducing retear rates [20], [21]. Tissue engineering applications, utilizing scaffolds

to augment rotator cuff repair, have demonstrated protection and assistance in tendon

repair [22]. These strategies and therapies for rotator cuff regeneration, including PRP,

stem cells and biological agents, have been reviewed in other manuscripts [3], [23].
Though some successes have been discovered with these approaches, the materials utilized
still do not possess the material properties required for long-term rotator cuff repair.
However, the development of nanotechnology has successfully enabled researchers to
improve the material properties and overcome the limitations of traditional materials (/.e.,
poor mechanical properties of natural biomaterials, low biocompatibility of non-degradable
polymers, and brittleness of osteoconductive materials) [10], [24]. Presently, nanomaterials
such as polymeric/non-polymeric nanofibers, nanotubes, and nanoparticles are being
investigated for several applications including drug delivery, tissue engineering, therapeutics,
diagnostics and imaging [24]-[31]. Fabrication of nanomaterials has significantly increased
surface roughness, surface area, and surface area to volume ratio which results in ideal
physicochemical properties [32]. With this, nanomaterials have been extensively investigated
in biomedical applications, specifically regenerative medicine. For example, Synthasome,
Inc. is an advanced orthobiologics company that creates products to promote soft tissue and
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cartilage regeneration. Their first product, X-Repair, is a biocompatible, surgical mesh with
high tensile stiffness and strength, similar to the native tendon. The X-Repair is clinically
designed to reinforce surgical repair of soft tissue such as rotator cuff, patellar, and Achilles
tendons. Studies with X-Repair augmentation of rotator cuff demonstrated that the device
enhanced the mechanical properties of the surgical repair at time of surgery [33]. The
X-Repair also displayed significant mechanical integrity of the repair site, and substantially
reduced gap formation after surgery [34]. Among different nanostructures, nanofibers are
one of the most interesting materials owing to their continuous nanoscale long fibers [3],
[17], [35]-[37]. Since the first work by Laurencin and his colleagues [38], electrospun
nanofibers have attracted attention in different fields of study including medicine and

tissue regeneration [39], [40]. Nanofiber-based structures show the most similarity to native
muscle/tendon tissue by providing the analogous structures and appropriate mechanical
properties. Although, there are several technologies to fabricate nanofiber-based structures,
electrospinning is the most widely used strategy that provides a layer of nanoscale fibers
with small pore sizes and high surface area [3], [17], [35]-[38]. In the electrospinning
process, the polymer-based solution ejects from a feed pump into an electric field applied
between the feed pump and the collector to fabricate and stretch the nanofiber. Different
orientations, including aligned and random in the scale of nanometer to micrometer, can

be fabricated by changing the electrospinning parameters [3], [17], [35]-[38]. We recently
reported a comprehensive review of the use of nanofiber-based matrices for rotator cuff
regeneration [3]. The current review will discuss the regenerative potential of nanostructures
not only as a matrix but also as a growth factor and stem cell delivery vehicle that can
deliver cytokines to the incision site.

IV. Nanomaterials as Matrices

Bone-tendon interface tears occur most often in the shoulder and knee. The well-known
strategies for repair depend on artificial grafts and implants such as TissueMend [41],
Restore [42], GraftJacket [43], and Permacol [44]. But given the donor source of these
transplants, patients may have severe immunogenic consequences. It has also been reported
that the tendon regenerated through these scaffolds have poor mechanical properties due
to the gradient structure when compared to native tissue [45]. Research has attempted

to overcome this structural concern using different nanomaterials. For example, Moffat

et al. used random poly(lactic-co-glycolic acid) PLGA nanofibers (material for bone)

and aligned PLGA (material for tendon) in a nanofiber-based scaffold for rotator cuff
repair [4]. They concluded that the mechanical properties and gradient composition were
similar to native tissue, but mechanical properties were not analyzed after long-term in
vitro studies. The purpose of the study was to show that fiber orientation affects the cell
morphology with cells being well spread on aligned fibers and cells on random fibers
displayed atypical morphology [4]. The regenerative potential of electrospun nanofibers
for rotator cuff tendon regeneration /n vivo was demonstrated by Taylor ef a/. in a rat
model [46]. The electrospun PLGA nanofibers were investigated /n vitro upon seeding
with isolated tenocytes. According to the results, the electrospun nanofibers supported the
cell viability and proliferation /n vitro and improved the biomechanical properties /n vivo
[46]. PLGA nanofiber have also been engineered with mineral gradients of hydroxyapatite
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(HA) to create a controlled environment for the osteogenic differentiation of cells [47].

It was reported that a fibrous scaffold with mineralization patterns promote osteogenesis
[48]. Nuss et al. investigated the healing properties of poly-N-acetyl glucosamine (SNAG)
polymer nanofibers in a rat rotator cuff injury and repair model [49]. They found that in

the presence of analgesics, tendons treated with the SNAG matrix had significantly increased
max load and max stress at 4 weeks, but not at 8 weeks; however, at 14 days, ambulatory
improvements were detected in stride with length and speed [49]. Given that a primary
complication of rotator cuff repair surgery is early retear, they concluding that SNAG
improve tendon-to-bone healing in the rat rotator cuff repair model [49]. Rotator cuff tears
are usually a chronic injury, one acknowledged limitation of this study included that this
group used an acute supraspinatus detachment. Another study evaluated the biomechanical
efficacy of aligned-fiber polymer scaffolds for rotator cuff repair in a rat model [50]. PCL
and PCL/poly(ethylene oxide) (PEO) co-electropsun scaffolds were implanted to augment
supraspinatus repair. The study illustrated no adverse effects of surgical implantation of
PCL/PEOQ polymer aligned scaffolds on the supraspinatus tendon structural properties in a
rat rotator cuff model and validated this model as a potential platform for targeted delivery
[50]. Besides the promising results of studies in the field of rotator cuff regeneration, the
complex structure of enthesis remains to be a concern. In a newly conducted study, Sun et
al. investigated poly(lactic-co-glycolic acid)-PCL (PLGA-PCL) and poly(lactic-co-glycolic
acid)/collagen-I-PLC/nanohydroxyapatite (PLGA/Col-PCL/nHA) co-electrospun matrices to
bridge massive rotator cuff tears in rabbit models [51]. The results showed that fibroblasts
had higher viability and collagen secretion when seeded on PLGA/Col versus PLGA matrix.
The osteoblasts demonstrated higher growth on the PCL/nHA matrix compared to the PCL
in vitro. Bone formation was observed with the PCL only scaffold, but was less than the
PCL/nHA construct [51]. In addition, the regenerated tendon in both groups displayed
similar maximum load-to-failure and ultimate stress at 6 weeks; however, at 12 weeks,
there was significantly higher maximum failure, ultimate stress and regenerated tendon in
the PLGA/Col-PCL/nHA matrix. They concluded the incorporation of collagen and nHA
strengthens tissue regeneration [51]. These studies demonstrate the potential of nanofiber-
based matrix systems for functional rotator cuff repair as a results of the nanofibrous
scaffold design and its profound effect on the cellular response.

V. Nanomaterials as Drug Delivery Vehicles of Biological Agents

Scaffolds, stem cells, growth factors and other biological molecules have played a
significant role in the Regenerative Engineering paradigm. In addition, several cell sources
have been isolated, characterized, and investigated for regenerating rotator cuff tendons. In
this section, we describe and discuss scaffolds as drug delivery systems incorporated with
biochemical cues for tissue regeneration.

a. Cell-based Therapies

Stem cells have been used for regenerating soft musculoskeletal tissue for several reasons
including their innate ability to secrete paracrine factors (secretome) and to modulate the
inflammation and the adaptive immune response [52]. Stem cells also have the specialized
capability to differentiate into many different cellular and tissue phenotypes [53], [54].
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These unique characteristics of stem cells are essential components in the convergence
approach towards regenerating complex tissues including the rotator cuff. We will discuss
stem-cell based methods used for soft tissue regeneration in this section.

The most widely used source of mesenchymal stem cells (MSCs) for soft tissue and rotator
cuff regeneration is bone marrow, known as bone marrow derived mesenchymal stem

cells (BMSCs). These cells are utilized for their ease of isolation and ability to undergo
differentiation into multiple lineages such as osteogenic [55], adipogenic, chondrogenic,
myogenic, neurogenic, and tenogenic/ligamentogenic [56]. Administration of BMSCs has
been combined with other biological molecules and delivered with scaffolds to promote
rotator cuff repair. For instance, new cartilage formation was observed at early time points
when BMSCs were scaffold-delivered to promote proliferation, viability and differentiation
[57]. BMSC administration in fibrin sealant was analyzed with respect to collagen fiber
orientation and organization. Histological and biochemical reports at early stages in the
study concluded no significant improvements [57]. However, the beneficial effects of
BMSCs in a human clinical trial were evaluated on rotator cuff tears (1.5 — 3.5 cm)
concluding that the BMSCs-treated groups demonstrated better healing and reduced retear
rates 10 years post-surgical intervention compared to nontreated groups [20]. Like BMSCs,
adipose derive stem cells (ADSCs) secrete many growth factors (GFs) and cytokines that
influence cellular responses. But high numbers of ADSCs can be obtained by a minimally
invasive procedure compared to BMSCs [52], [58]. BMSCs undergo senescence with
prolonged tissue culture, and this has not been observed in ADSCs. In addition, the ease

of harvest, genetic stability, and proliferative capacity of ADSCs synergize to provide these
cells with a significant advantage over other types of stem cells [58]. Mora et a/. investigated
the effects of ADSCs on rotor cuff regeneration in a rat model. The study demonstrated
statistical significance in absorbed energy and mechanical deformation at 2 weeks between
the control groups and ADSCs-treated groups, yet at 4 weeks no significant differences were
noted [59]. However, in a rabbit large rotator cuff tear model, Oh et a/. illustrated substantial
increase of muscle and tendon regeneration and low fatty degeneration in the injected ADSC
treatment groups [60].

Studies using other stem cell types have also been reported for soft tissue regeneration
therapies, including connective tissue progenitor stem cells (CTPSCs), muscle—derived
satellite/stem cells (MDSCs), tendon-derived stem cells (TDSCs), synovium-derived stem
cells, and umbilical cord blood-derived. In one study tenocyte-like cells from human
patients were combined with bone morphogenetic protein-2 and -7 (BMP-2 and BMP-7)
and showed significance on cellular proliferation and improvement in tendon-bone healing
[61]. Experiments employing stem cell therapy report a wide range of results from positive
results to no significance suggesting that stem cells are not an ideal individual treatment,
but stem cells may be a promising component of a convergence approach towards rotator
cuff regeneration. Further, to the beneficial effects of cell-based therapies, several studies
investigated the efficacy of nanostructures as cell delivery vehicles [62]-[65]. Peach et

al. evaluated the efficiency of a cell-laden matrix for tendon repair in a rotator cuff tear

rat model in comparison with common surgical techniques and non-cell-laden matrices
[62]. Poly (e-caprolactone) (PCL) nanofibers were coated with polyphosphazene poly[(ethyl
alanato)1(p-methyl phenoxy)1] phosphazene (PNEA-mPh) to improve the hydrophilicity
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of the nanofibers and support MSC adhesion and proliferation. Beside the improvement

of mechanical and morphological properties of the nanofibrous structure, the cell-laden
matrix modulated environment immunology and bioactivity by various strategies such as
autocrine/paracrine signaling and cell homing mechanism. According to the results, the
elongated cells with a lower cell number and a gradual transition from tendon to bone were
shown in the cell-laden sample compared to the non-cell-laden sample (Figure 3a). Collagen
immunohistochemistry- histological semi-quantitation was conducted and the ratio of Col I:
Col 111 coverage on the tendons at 12-weeks post-injury was determined for all four groups
using semi-quantitative histology. Monoclonal Col | (Cat. # ab6308, Abcam, MA) and Col
Il (Cat. # ab6310, Abcam, MA) antibodies were incubated with deparaffinized samples at a
1:2000 dilution overnight (37°C) and then imaged using a DAB peroxidase-based detection
system. Concluding, the presence of MSCs led to a high Col I: Col Il expression which is
similar to the intact tendon [62].

Secreted factors of stem cells are considered one of the major principles of cell

therapeutic effects. Several reports including /in vitro, in vivo and even clinical studies

have demonstrated the therapeutic benefits of the secretome. Veronesi et al. reported

an exhaustive study regarding the last 10 years of research on the usage of stem

cell conditioned media and the high potential of cell-free therapy for musculoskeletal
regeneration. Among all the tendon/muscle-related disorders, irreparable changes including
fatty degeneration and atrophy are still untreatable. Recently, the stem cell secretome has
been observed to functionally reduce the degeneration of muscle in the tendon/muscle
lesions by promoting anti-inflammatory behavior, cell proliferation/differentiation and
immune modulation. Sevivas et al. reported the regenerative efficacy of the secretome and
cell-free therapy for rotator cuff muscle and tendon regeneration [65], [66]. The study
investigated the role of secreted secretome on enthesis regeneration in a massive rotator
cuff tear rat chronic model [65]. The matrices were fabricated through a combination of

a keratin nanofibrous patch with human tendon cells and human MSC (hMSC) secretome.
Based on the results, the secretome-seeded matrix significantly improved the proliferation
and viability of tendon cells /n vitro. Further, the implantation of secretome-seeded matrix
in vivo showed histological and biomechanical improvement of the rotator cuff tendon
repair by increasing the cell densities and fibrocartilage organization and when compared to
untreated groups (Figure 3b) [65].

b. Growth-factors (GFs) and Small Drug Molecules

Regeneration requires a series of mechanisms to occur to achieve formation of mature
tissue. As aforementioned, inflammatory cells release growth factors upon injury to promote
cell proliferation, differentiation, ECM synthesis, and tissue regeneration [67], [68]. Several
studies have investigated the impacts of growth factors on soft tissue regeneration including
the rotator cuff [8], [69]-[72]. Growth factors can improve healing in rotator cuff repair.

For instance, basic fibroblast growth factor (b-FGF) promotes tendon fibroblast proliferation
and migration [73] and induces differentiation of MSCs into tenocytes [74]. Platelet derived
growth factor (PDGF) has been shown to also have reached upregulation during the early
phase of tendon healing [75], which is believed to onset the activation of other growth
factors [64], and to stimulate cellular behavior (e.g. migration, proliferation, and matrix
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synthesis) at the healing site [76], [77]. There are several other growth factors and molecules
such as platelet-rich plasma (PRPs) delivered for rotator cuff regeneration that display
beneficial impact on soft tissue repair, but there are drawbacks. For example, local injection
of growth factors presents a high risk of loss by degradation and circulation, in addition,

the limited half-life of growth factors reduces efficacy of direct injection. Therefore, it is
imperative to understand and develop a growth-factor, drug delivery vehicle as a therapy
system for complex tissue and rotator cuff regeneration.

To overcome transport barriers of injected therapeutic drug molecules (e.g. growth factors)
or stem cells for rotator cuff regeneration, nanomaterials has proven to be a promising
carrier for drug delivery systems due to biocompatibility, biodegradability and mechanical
integrity. Zhao et al. evaluated the impacts of b-FGF-loaded electrospun PLGA nanofiber
for rotator cuff tear [69]. Biochemical and histological results showed that electrospun
nanofibrous matrices aid in cell attachment and proliferation, and demonstrated that
bFGF-loaded PLGA have a more pronounced effect on tendon-bone healing [69]. The
favorable results of these studies and others summarized in Table 1 give promise for using
nanostructures as drug delivery vehicles for rotator cuff repair and regeneration.

VI. Discussion and Future Outlook

Rotator cuff repair surgeries consist of greater than 200,000 procedures per year in the

U.S. and retears are increasingly common. Current strategies for rotator cuff repair and
regeneration show promise including those studies investigating growth factors and drug
molecules, stem cells-based approaches, and nanomaterial structures, but there are still
limitations and grand challenges that exist with regenerating complex tissue systems. For
example, as previously mentioned, most studies reviewed are conducted in acute rotator
cuff tears and clinically these injuries are chronic. Therefore, it is imperative to investigate
rotator cuff repair and regeneration in large animal models such as rabbit or sheep to

help determine the biochemical and mechanical necessity for human translation. Current
cooperation is needed to address the clinical challenges regarding the rotator cuff repair and
regeneration and the application of tissue regenerative engineering principles are vital to
these efforts. The use of tissue regenerative engineering technologies remains to grow, [3],
[13], [84]1-1931, [171, [94]-199], [38], [52], [53], [80]-[83]. In this mini review, we identified
tissue engineered strategies for rotator cuff repair that used nanomaterials as matrices and
as drug delivery vehicles. We believe that rotator cuff regeneration can be achieved using

a regenerative engineering approach to influence stem cell behavior, modulate immune cell
response, and promote angiogenesis guided by nanomaterial structures.
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Figurel.
Rotator cuff anatomy and the involved tendons including Supraspinatus, Infraspinatus, Teres

Minor and Subscapularis [3].
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Acute Sub-acute Chronic

Figure 2.
Rotator cuff fatty infiltration in Sub-acute and Chronic injury.
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Figure 3.
a) Masson trichrome staining of rotator cuff for different groups 12 weeks after surgery,

1) Native tendon, 11) Repaired group, I11) Repaired group with matrix implantation without
cell, 1) Repaired group with cell-seeded matrix implantation [56] (Reprinted from an open
access article under terms Creative Commons Attribution License); b) Hematoxylin and
eosin staining of rotator cuff for different groups 16 weeks after surgery, A) Uninjured
group, B) Massive rotator cuff tear group 32 weeks after injury, C) Repaired group with
matrix alone, and D) Repaired group with secretome-seeded matrix [59].
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Nanostructures used as matrices or drug delivery vehicles for rotator cuff repair
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Material Cell Growth Factor Invivo Model | Reference
Poly-N-Acetyl Glucosamine
(sNAG) - - Rat [49]
Matrices PCL/PEO - - Rat [50]
PLGA/COL-PCL/nHA - - Rabbit [51]
PCL/chitosan - - Rat [78]
rat Bone-derived mesenchymal
PCL-PNEA-mPh stem cells (rBMSCs) ) Rat 162]
PCL Juvenile tendon-derived cells - Rat [63]
Delivery vehicles PLGA ASCs BMP2 Rat [64]
Keratin Human tendon cell hMSC secretome Rat [65]
PLGA - bFGF Rat [69]
PEU - PRP Rat [79]
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