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Rotator cuff tears continue to be at risk of retear or failure to heal after surgical repair, 

despite the use of various surgical techniques, which stimulate development of novel 

scaffolding strategies. They should be able to address the known causes of failure after 

the conventional rotator cuff repair: (1) failure to reproduce the normal tendon healing 

process, (2) resultant failure to reproduce four zones of the enthesis, and (3) failure to 

attain sufficient mechanical strength after repair. Nanofiber scaffolds are suited for 

this application because they can be engineered to mimic the ultrastructure and proper-

ties of the native rotator cuff tendon. Among various methods for tissue-engineered 

nanofibers, electrospinning has recently been highlighted in the rotator cuff field. 

Electrospinning can create fibrous and porous structures that resemble natural ten-

don’s extracellular matrix. Other advantages include the ability to create relatively 

large surface-to-volume ratios, the ability to control fiber size from the micro to the nano 

scale, and the flexibility of material choices. In this review, we will discuss the anatomi-

cal and mechanical features of the rotator cuff tendon, their potential impacts on im-

proper healing after repair, and the current knowledge of the use of electrospinning 

for rotator cuff tissue engineering. 
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INTRODUCTION

Rotator cuff tears represent a major component of the 

family of tendon disorders. Over 4.8 million people each 

year visit hospitals for shoulder pain and rotator cuff path-

ologies which contribute most to shoulder pain.
1
 The preva-

lence of rotator cuff tears is 34% in the general population 

and reaches up to 54% in the elderly populations (those over 

60 years of age).
2,3

 Accordingly, rotator cuff repair is one of 

the most common orthopedic procedures among athletes, 

workers, and even the adult population in general with 

over 300,000 rotator cuff repairs performed per year in the 

United States.
4
 Rotator cuff tears also have a similar im-

pact on individual quality of life as diseases such as con-

gestive heart failure, diabetes, and depression.
5

The rotator cuff tendon plays a significant role in should-

er biomechanics and is predisposed to injury and degener-

ative changes because of its location and blood supply.
6
 

Unfortunately, a natural history of rotator cuff tears shows 

that asymptomatic rotator cuff tears will become sympto-

matic and the size of the tear will progress with time.
7
 

Furthermore, the possibility of spontaneous healing is low. 

Fukuda
8
 reported that histologic section of partial tears 

showed no evidence of active tissue repair. Safran et al.
9
 fol-

lowed 51 full-thickness tears by ultrasound and found in-

creases in tear size of 49% after mean 29-months. Maman 

et al.
10

 also showed tear progression is more likely to occur 

in patients with longer than 18 months of follow-up time. 

Therefore, small full-thickness tears can progress to large 

or massive tears over time. However, massive rotator cuff 

tears are known to alter glenohumeral kinematics leading 

to humeral head migration, pseudoparalysis of the should-

er, and cuff tear arthropathy as the end stage. The current 

strategy of surgical treatment is repairing the torn rotator 

cuff tendon. By open or arthroscopic surgery, a retracted 

torn end of the rotator cuff is brought back and repaired to 
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the original footprint of the humeral head. However, surgi-

cal management is challenging especially in a massive cuff 

tear and the re-rupture rate has been reported in the liter-

ature as between 11%
11

 and 94%.
12

 Such procedures are 

technically demanding and require a steep learning curve.
13,14

 

Even though the surgeon’s skill continues to improve, suc-

cessful repair of large-to-massive tears especially with re-

traction and immobility is still challenging, and retear 

could continue to occur. Recently, Lim et al.
15

 in their learn-

ing curve analysis demonstrated that as a surgeon’s experi-

ence of rotator cuff repair accumulated, retear rate success-

fully decreased in small to medium-sized tears, but not in 

large-to-massive tears. This may reflect the fact that suc-

cessful healing of large or massive rotator cuff tears might 

be associated with many factors including biologic aspects 

of tendon-bone healing, other than only surgical skill-de-

pendent factors such as release, mobilization, and strong 

fixation.

To overcome this, the use of biological
16,17

 and synthetic 

scaffolds
18,19

 have been introduced and were encouraging 

in preclinical studies. however, the results were not re-

plicated in human studies.
18-22

 In particular, Smith et al.
23

 

compared the macro and nano/micro mechanical proper-

ties of 7 clinically approved and commercially available 

scaffolds (X-Repair, LARS ligament, Poly-Tape, BioFiber, 

GraftJacket, Permacol, and Conexa) to those of the human 

supraspinatus tendons. Unfortunately, none of the scaf-

folds tested adequately approximated the macro- and mi-

cro-mechanical properties of the human supraspinatus 

tendon. This finding may explain that the lack of their effi-

cacy in clinical trials is in part due to insufficient mechan-

ical properties and also present the need for alternative 

new technologies, such as nanofibers, nano coatings, and 

3-dimensional printing to create more specialized scaf-

folds.
24

 In particular, nanofibrous scaffolds are suited for 

this application because they can be engineered to mimic 

the ultrastructure and properties of the native tendon. A 

variety of methods have been used to produce tissue-en-

gineered nanofibers including self-assembly, drawing 

temperature-induced phase separation, and perhaps most 

commonly electrospinning.
25

 Therefore, the aim of this re-

view is to discuss the current state of knowledge in the field 

of nanofiber scaffolds focusing on electrospinning for rota-

tor cuff tissue engineering.

STRUCTURE, COMPOSITION, AND MECHANICAL 

PROPERTIES OF ROTATOR CUFF TENDON 

Rotator cuff tendons consist of the supraspinatus, infra-

spinatus, teres minor and subscapularis. As a group, these 

tendons support the rotation of shoulder joint and provide 

stability of humeral head.
26

 Each tendon has a specific role 

in controlling the movement, stability, and rotation of the 

shoulder. The supraspinatus supports arm abduction. The 

subscapularis is an internal rotator of the humerus, while 

the infraspinatus and teres minor are external rotators. 

Dynamic stabilization through rotator cuff muscle con-

traction and the resulting compression of the articular sur-

faces is one of the most important factors in ensuring 

shoulder stability and function.
27

 

The four rotator cuff tendons at the humeral insertion 

are not distinct structures. Clark and Harryman
28

 demon-

strated in their anatomic study that all four tendons fuse 

to form the common insertion on the tuberosities. Fibers 

from the subscapularis anteriorly and the infraspinatus 

posteriorly interdigitate with those of the supraspinatus. 

The interdigitation of fibers occurs primarily in the deep 

layers. The tendinous portion of the cuff is also confluent 

with the capsule of the shoulder joint and with the cor-

acohumeral and glenohumeral ligaments, depicting five 

microscopic layers with a blend of fibers in the oblique, 

transverse, and longitudinal orientations.
28

 The widely 

splayed and interdigitated humeral insertions of these 

multiple structures: rotator cuff tendons, ligaments, and 

capsule by means of a mixture of different orientations, 

horizontally and vertically improve their resistance to fail-

ure under load and stress distribution. 

On the other hand, rotator cuff tendons connect their 

muscles originating in the scapula to the humerus through 

tendon-bone insertions, so called, the enthesis. It consists 

of the transition of four distinct tissue zones: tendon, 

non-mineralized fibrocartilage, mineralized fibrocartil-

age, and bone. The tendon is composed of collagen type I, 

proteoglycan, decorin, and biglycan, which is filled with 

tendon cells aligned in the direction of tendon tension.
29,30

 

The non-mineralized zone is filled with fibrochondrocytes, 

which produces the extracellular matrix (ECM) such as col-

lagens type I and II, together with aggrecan.
31

 Mineraliza-

tion and calcification begin in mineralized fibrous cartilage 

with a visible straight line called the tidemark that dis-

tinguishes the true transition between mineralized and 

non-mineralized tissues.
32

 Collagens type II and X and ag-

grecan are known to consist of mineralized fibrocartilage. 

The fourth zone corresponds to the bone and consists of a 

dense mineralized collagen type I matrix filled with bone 

cells (osteoblast, osteoclasts and osteocytes). The most im-

portant feature of this fibrocartilage transition region of 

the enthesis is a gradation in matrix mineralization in-

creasing from tendon to bone. Such gradations along the 

interface are reflected in the cell phenotype, tissue organ-

ization, and mechanical properties.
18,33,34

 These natural 

gradations facilitate the effective transfer of load between 

the 2 materials by reducing the potentially damaging 

stress concentrations that would otherwise arise at more 

discrete interface.
33

 The collagen fibrils’ mineral arrange-

ment leads to a controlled and graded increase of stiffness, 

resulting in a smooth load transfer.
35

 As Derwin et al.
36

 con-

ceptualize below, the mechanisms of stress transfer may 

be different according to fiber scales. On the millimeter 

scale, stresses can be reduced by optimizing the shape of 

the attachment.
34,37

 On the micrometer scale, interdigita-

tion, fiber orientation, and a compliant band increase the 

toughness of the interface.
38

 On the nanometer scale, spa-

tial gradients in mineralization stiffen the matrix.
33

 These 
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multiscale features are consistent across fibrocartilagi-

nous enthesis, including the rotator cuff, Achilles tendon, 

patellar tendon, flexor tendon, and meniscus root. However, 

the main problem is that none of these mechanisms are re-

created after tendon-to-bone healing.
39,40

 

LIMITATIONS OF THE CURRENT REPAIR 

STRATEGIES FOR ROTATOR CUFF HEALING

Limitations of the current repair strategies can be sum-

marized into three categories: (1) failure to reproduce the 

normal tendon healing process, (2) resultant failure to re-

produce the four zones of the enthesis, and (3) failure to at-

tain sufficient mechanical strength after repair. Current 

rotator cuff repair techniques focus on securely attaching 

tendons to bones using sutures and bone anchors. The nor-

mal tendon healing process progresses in three overlap-

ping stages
41-43

, including 1) inflammatory phase that col-

lagen deposits and inflammatory cells migrate to the recov-

ery site within 4-7 days. 2) a repair process when fibroblasts 

and tenocyte proliferate to form a temporary extracellular 

matrix composed of collagen type I and type III, and 3) as 

a final remodeling process that takes 6 to 8 weeks, forming 

oriented collagen type I. However, none of the current re-

pair strategies replicates this normal healing process. The 

tissue formed after repair is of lower quality than the native 

rotator cuff tendon.
42,44

 Instead of four distinct zones, as in 

the native tendon, the repaired tendon is largely composed 

of fibrovascular scar tissue with a majority of type III 

collagen.
45

 During the remodeling stage, some of the type 

III collagen is remodeled to type I, resulting in a more or-

ganized matrix, but this remodeling often remains in-

sufficient with conventional repair. The mechanical prop-

erties of fibrovascular scar tissue formed at the interface 

are not similar to those of normal tendon enthesis.
36

 Fail-

ure to recreate the structure and mechanics of the healthy 

enthesis may predispose the repair site to failure. The en-

thesis is a complex composite biomaterial junction that al-

lows stress transfer between mechanically dissimilar ma-

terials
29,36

: the tensile modulus of tendon in the direction 

of muscle action is the order of 200 MPa, while that of bone 

is 20 GPa,
33,46

 resulting in the bone modulus being approx-

imately 100 times more than that of tendon. Restoring hard– 

soft interfaces with such large mismatches in material 

properties can be clinically challenging. Initial mechanical 

strength after repair is another concern. As noted by 

Chainani and Little,
47

 to achieve adequate mechanical sup-

port immediately after repair, the constructs should aim to 

approximate the stiffness (∼200 N/mm), modulus (∼150 

MPa) and ultimate load (∼800 N) of the human rotator cuff 

combined with adequate suture retention properties.
48,49

 

The scaffold properties should match those of the native 

tendon as closely as possible to consequently achieve long- 

term success.

ROTATOR CUFF TISSUE ENGINEERING

To overcome the high failure rate after rotator cuff repair 

and to enhance tendon-to-bone healing, tissue engineering 

has been investigated as a source of more effective repair. 

Tissue engineering is an interdisciplinary field that ap-

plies the principles of engineering and the life sciences to-

ward the development of biological substitutes that re-

store, maintain, or improve tissue formation.
50

 The ulti-

mate goal of rotator cuff tissue engineering is to repair tis-

sue defects by introducing an engineered tissue structure 

that can be recognized and used in the regeneration of the 

desired native rotator cuff tissue.
51

 Three main elements 

of tissue engineering field are cells, scaffolds, and signals.
51

 

Scaffolds or extracellular matrix provides a “house
52

” or 

“mechanical platform
51

” for cells and can regulate the cel-

lular function and behavior via cell–matrix interactions. 

The mechanical cues experienced by the cells are in-

timately related to the microstructure of the scaffold.
52

 The 

mechanical properties of this matrix scaffold influence 

stem cells differentiation into specific lineages (from neu-

rogenic to osteogenic).
53

 Scaffolds facilitate cell penetration 

and provide an effective environment that supplies oxygen 

and nutrients to the cells, and so results in successful tissue 

regeneration. After the desired tissue is successfully regen-

erated, the scaffold is designed to break down naturally. 

Clinically, extracellular matrix scaffold allograft or xeno-

graft patches have been used for mechanical augmentation 

of rotator cuff repair. These materials are expected to im-

prove healing in the critical early postoperative period be-

cause they improve initial mechanical strength and con-

tain bioactive molecules. However, they have limitations 

for various reasons, including poor cellularization, im-

munogenic responses, insufficient mechanical properties 

to support physiological loading postoperatively, and poor 

suture retention.
17,23,54

 Tissue engineering may overcome 

some of these limitations by offering a functional cell-based 

scaffold for rotator cuff repair. Specifically, nanofibrous 

scaffolds are suited for this application.

WHY ARE “NANOFIBERS” NEEDED?

To achieve the goal of engineering biomimetic, functional, 

and integrative scaffold systems for rotator cuff repair and 

augmentation, nanofiber scaffolds are promising. They 

can be manufactured by tissue engineering to mimic the ul-

trastructure and properties of the native tendon. Tendon 

structures are formed through aligned fiber bundles rang-

ing in diameter from 20 nm for collagen fibrils to 3 mm for 

tertiary fiber bundles.
55,56

 Various fibrous structures con-

stitute most ECM molecules in the nanoscale range that 

support cell adhesion and biological activity, and thus, fab-

ricating scaffolds with an architecture that mimics that of 

ECM molecules in the nanoscale has been an active area 

of research in tissue engineering. The ideal scaffold for ro-

tator cuff tendon recovery should be able to match the me-

chanical properties to meet the physiological needs of the 
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native tendon. It needs to facilitate the host cell–mediated 

healing response by the ultrastructural organization sim-

ilar to the native tendon. The scaffold must be able to in-

tegrate with the host tendon and surrounding bone tissue. 

In addition, the scaffold should be susceptible to remodel-

ling so that new tissue can replace it gradually while phys-

iologically relevant mechanical properties are maintained. 

Nanofibers are advantageous for tendon tissue engineer-

ing because of their superior biomimetic potential and 

physiological relevance. Currently, there are several met-

hods to fabricate fiber-based structures, including wet- 

spinning, microfluidic, and melt spinning. Among them, 

electrospinning is the most widely used strategy.
55

ELECTROSPINNING

Electrospinning is a fiber production method used to 

draw a polymer solution or polymer melt down to a fiber 

diameter of some hundred nanometers using a strong elec-

trical force. The process involves the application of a high 

voltage (tens of kilovolts) to an emitter (spinneret) contain-

ing a solution of the polymer to be electrospun.
57

 Above a 

certain voltage threshold, electrostatic charge breaks the 

surface tension of the released droplet, creating a liquid 

flow. The released stream quickly narrows due to evapo-

ration of the solvent, forming fibers that are attracted to 

a grounded or counter electrode, which is used to collect the 

fibers. Electrospun fiber morphology and diameter can be 

controlled by adjusting several parameters that can be 

classified as ‘solution-related’, ‘process-related’ or related 

to ‘ambient conditions’. Solution-related parameters in-

clude the nature of the polymer and the solvent, the molec-

ular weight of the polymer and the viscosity, as well as the 

surface tension and electroconductivity of the solution. 

Important parameters of the electrospinning process in-

clude the applied voltage, the flow rate of ejection of the pol-

ymer solution, the distance between the emitter and the 

collector, the angle of the emitter to the collector, and the 

type of collector used to harvest the fibers. The temperature 

and humidity of the electrospinning environment are also 

important. The size of the electrospun fiber can be nano-

scale and the fiber can have a nanoscale surface texture, 

which can have different modes of interaction with other 

materials compared to macroscopic materials.
58

 The ultra-

fine fibers produced by electrospinning have two main 

properties: a very high surface-to-volume ratio and a rela-

tively defect-free structure at the molecular level. The high 

surface area makes electrospun materials suitable for ac-

tivities that require a high degree of physical contact, such 

as providing a site for chemical reactions or capturing par-

ticulate matter of small size by physical entanglement (fil-

tration). Defect free fiber formation allows electrospun fi-

bers to approach the theoretical maximum strength of the 

base material, opening up the possibility of creating compo-

sites exhibiting high mechanical performance. 

The type of polymer can significantly affect the material 

properties of the electrospun scaffold: poly(lactic-cogly-

colic acid) and polylactic acid fibers generate very stiff scaf-

folds, polycaprolactone generates scaffolds that are less 

stiff, while collagen generates very compliant scaffolds.
59,60

 

The stiffness of the electrospun fiber can be enhanced by 

cross-linking after electrospinning,
60,61

 or by incorporating 

other materials, such as nanodiamonds.
62

 Mechanical 

properties can also be altered by modulating fiber morphol-

ogy and diameter and by controlling the alignment of the 

fibers. Electrospun fibers collected on a flat stationary col-

lector form mats with randomly aligned fibers; while a ro-

tating mandrel or drum collector generates mats with fi-

bers whose extent of parallel alignment corresponds to the 

rate of rotation.
63

 These aligned fibers are strengthened 

anisotropically and become much stronger and stiffer in 

the direction of fiber alignment. Another benefit of control-

ling fiber alignment is that cells tend to attach, preferen-

tially align, and deposit neomatrix along the fiber direc-

tion.
63,64

 Finally, generating fibers in the nanoscale range 

can enhance cell attachment and neomatrix formation, 

presumably due to fact that a single cell can attach to multi-

ple fibers, which mimics cell attachment to natural bio-

polymers in native ECM.
57

 

While the technology of electrospinning has been devel-

oped over several decades, its potential application for gen-

eral tissue engineering was first reported in 2002.
65

 Since 

then, electrospun nanofibers have widely been tested as ex-

perimental constructs for tissue engineering research and 

have been proposed as scaffolds for not only the repair of 

tendons,
66,67

 but also bone,
68

 cartilage,
69

 meniscus,
63

 liga-

ments,
70

 liver,
71

 blood vessels,
72

 nerves,
73

 and for drug de-

livery.
74

THE USE OF ELECTROSPINNING FOR ROTATOR 

CUFF TISSUE ENGINEERING 

Electrospinning has recently been applied to the rotator 

cuff tissue engineering, as summarized in Table 1. In 2009, 

Moffat et al.
66

 first reported, to the best of our knowledge, 

the potential use of electrospun nanofiber-based scaffolds 

for rotator cuff tissue regeneration. They designed a poly 

(lactide-co-glycolide) (PLGA) nanofiber-based scaffold and 

then evaluated the attachment, alignment, gene expres-

sion, and matrix elaboration of human rotator cuff fibro-

blasts on the scaffolds. Taylor et al.
75

 later fabricated elec-

trospun PLGA scaffolds and reported favorable in vitro re-

sults in terms of attachment, proliferation, and viability of 

human patellar tendon cells on the scaffolds. The rat supra-

spinatus tendons augmented with this scaffold in vivo also 

showed a higher Young’s Modulus (48.6 MPa) than supra-

spinatus tendons repaired without scaffold (3.79 MPa). 

This novel material is a potential candidate as a scaffold 

for rotator cuff tendon healing, even with the use of non- 

aligned fibers.

Inui et al.
76

 observed the restoration of rotator cuff en-

thesis using electrospun nanofibers without cells or growth 

factors. They fabricated a poly(D,L-lactide-co-glycolide) 

(PLG) scaffold and applied it in a rabbit rotator cuff defect 
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model. It was quite promising that cells migrated into the 

“cell-free” PLG scaffold and deposited type II collagen and 

proteoglycan at the scaffold-bone junction at 16 weeks post 

operation, a promising result. The ultimate failure load 

and stiffness in the scaffold group were comparable to those 

in the reattachment group at each time point. However, al-

though the distributions of types I, II, and III collagen and 

proteoglycan indicated that the scaffold could regenerate 

the tendon-bone insertion with fibrocartilage; it was not 

identical to the normal enthesis. The proteoglycan along 

the long axis of the tendon was not seen in both scaf-

fold-augmented and reattachment group. This scaffold 

was also significantly weaker than an intact tendon at each 

time point. The disorganized distribution of the proteogly-

can might be related to the use of non-aligned nanofibers 

in this study. Aligned fibers may enhance the organization 

of the proteoglycan to mimic the enthesis. Several aligned 

scaffolds have been shown to direct cell orientation as well 

as affect the expression of matrix proteins.
66,67,77

As a distinct advantage, nanofiber organization and 

alignment can be modulated during fabrication,
66,67,77

 which 

allows for the structural and material properties of the 

scaffold to meet the functional demands of the rotator cuff 

tendons. In normal tendons, collagen bundles are oriented 

along the long axis of the tendon. Novel scaffolds, created 

predominantly by electrospinning, can mimic this orien-

tation of collagen fibrils in the tendon, and in some cases 

the transition from aligned to random orientation at the 

tendon-to-bone insertion site.
66,67

 Moffat et al.
66

 specifi-

cally compared the outcomes between aligned and non- 

aligned fibers and showed that nanofiber organization has 

a significant effect on human rotator cuff fibroblast 

response. The structural anisotropy of the aligned and the 

isotropy of the unaligned scaffold directly guided cell at-

tachment, integrin expression, and matrix deposition. 

This control of cell response resulted in a biomimetic ma-

trix for rotator cuff repair on the aligned nanofiber scaffold, 

and physiologically relevant scaffold mechanical proper-

ties were maintained in vitro.
66

 This suggests that the 

aligned nanofiber scaffold has significant potential for ten-

don regeneration and represents a functional tissue-en-

gineering solution for rotator cuff repair. To enhance align-

ment of electrospun fibers, Orr et al.
77

 combined a multi-

layered electrospinning technique with a hybrid of several 

electrospinning alignment techniques and fabricated mul-

tilayered aligned scaffolds with PCL polymers. They show-

ed that both aligned and nonaligned multilayered scaffolds 

demonstrated cell infiltration and ECM deposition through 

the full thickness of the scaffold after only 28 days of 

culture. However, aligned scaffolds displayed significantly 

increased expression of tenomodulin compared to non-

aligned scaffolds and exhibited aligned collagen fibrils 

throughout the full thickness, the presence of which may 

account for the increased yield stress and Young’s modulus 

of cell-seeded aligned scaffolds along the axis of fiber align-

ment.
77

 

Cell infiltration through the full thickness of the nano-

fibrous scaffold as well as control of cell growth and differ-

entiation can be challenging. Chainani et al.
78

 addressed 

this issue with the use of a multilayered (nonaligned) elec-

trospun scaffold with PCL and then coated it with ten-

don-derived extracellular matrix (TDM). Their products 

could permit cellular infiltration and formation of a ten-

don-like extracellular matrix by human adipose stem cells. 

Coating each side of the scaffolds with TDM enhanced the 

synthesis and accumulation of collagen. Therefore, non-

aligned multilayered electrospun scaffolds allowed teno-

genic differentiation by human adipose stem cells and the 

authors postulated that TDM might promote some aspects 

of this differentiation. 

Strategies have been explored for enhancing the me-

chanical and tendon matrix properties of electrospun scaf-

folds as well as restoring the enthesis of the rotator cuff by 

a combination of natural polymers,
24

 growth factors,
79,80

 or 

woven fiber.
81

 Gelatin is a derivative of collagen obtained 

via controlled hydrolysis and is the major component of 

skin, bones, and connective tissues. As a natural polymer, 

it can provide biological signaling and cell adhesion, can be 

degraded by cells, and can be remodeled. However, it lacks 

adequate mechanical properties and tunable structure, 

limiting its applications.
82

 Therefore, Zhao et al.
83

 fab-

ricated gelatin-grafted poly(L lactide) (PLLA) fibrous mem-

branes using electrospinning. PLLA showed excellent bio-

compatibility and biodegradability and significantly in-

creased the area of glycosaminoglycan and improved colla-

gen organization at the tendon-bone interface. Biomechan-

ical testing also revealed that the gelatin-PLLA group had 

a greater ultimate load to failure and stiffness at 4 and 8 

weeks. 

Zhao et al.
80

 used emulsion electrospinning to prepare 

bFGF-loaded PLGA electrospun fibrous membranes with 

a core-sheath structure. Electrospun fibers have the poten-

tial to increase the encapsulation efficiency, dalay the ini-

tial burst release and maintain bFGF bioactivity. Basic fi-

broblast growth factor (bFGF) can induce fibroblast colla-

genase production and capillary endothelial cell prolifer-

ation, which are required for neovascularization.
84,85

 After 

RC injury, bFGF is expressed by fibroblasts and inflam-

matory cells at the site of tendon repair and is associated 

with cell proliferation, cell migration, collagen production, 

and angiogenesis.
32,86

 At 2, 4, and 8 weeks after in vivo RCT 

repair surgery, electrospun fibrous membranes signifi-

cantly increased the area of glycosaminoglycan staining at 

the tendon–bone interface compared with the control group, 

and bFGF–PLGA significantly improved collagen organ-

ization, as measured by birefringence under polarized light 

at the healing enthesis compared with the control and 

PLGA groups.
80

 The bFGF–PLGA membranes had the 

highest ultimate stress and stiffness of the healing en-

thesis, and their superiority compared to PLGA alone was 

significant.
80

 

As a result of limitations in the electrospinning techni-

que, conventional electrospun mats have inadequate thick-

ness (related to the electrospinning technique) and low 
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strength. Therefore, Hakimi et al.
81 

developed a non-de-

structive technique to stack and bond electrospun and 

non-electrospun layers, to enable assembly of more robust 

scaffolds. Using this technique, they fabricated a scaffold 

prototype made of electrospun and woven polydioxanone 

layers for the augmentation of rotator cuff repairs. The re-

sulting scaffold presents a maximum suture pull out st-

rength of 167 N, closely matching that of human rotator cuff 

tendons.
81

 

Therapeutic applications are limited by poor healing be-

tween the rotator cuff tendon and bone. Two key features 

of this suboptimal healing are mineral loss in the bone ad-

jacent to the tendon attachment and poorly organized colla-

gen deposition at the repair site.
39,87

 Lipner et al.
88

 designed 

an aligned nanofibrous poly lactic co-glycolic acid scaffold 

with a gradient in mineral content which was seeded with 

adipose-derived stromal cells (ASCs) and implanted at the 

repair site of a rat rotator cuff model. In one group, cells 

were transduced with the osteogenic factor BMP2. How-

ever, histology showed that the healing interface was domi-

nated by a fibrovascular scar response in all groups. When 

examining bone morphology parameters, bone loss was 

evident in the Cellular+BMP2 group compared to other 

groups at 28 days. When examining repair-site mechanical 

properties, strength and modulus were decreased in the 

Cellular+BMP2 groups as compared to other groups at 28 

and 56 days. Unfortunately, tendon-to-bone healing in this 

animal model was dominated by scar formation, prevent-

ing any positive effects of the implanted biomimetic scaf-

fold. Furthermore, cells transduced with the osteogenic 

factor BMP2 led to impaired healing. The authors con-

cluded that this growth factor should not be used in the ten-

don-to-bone repair setting.
88

Sun et al.
89

 fabricated a dual nanofibrous matrix for heal-

ing massive rotator cuff tears in rabbits for the enthesis 

regeneration. Their goal was to develop an ideal matrix 

that could support tendon and bone tissue regeneration si-

multaneously and bridge a massive rotator cuff tear. A coe-

lectrospun dual nanofibrous matrix of cell-laden poly 

(lactic-coglycolic acid)/collagen I-polycaprolactone/nano-

hydroxyapatite (PLGA/Col-PCL/nHA) was farbricated. The 

PCL/nHA portion was inserted into bone tunnel while the 

PLGA/Col portion was wrapped around the tendon stump 

and bridged the gap between the stump and the bone. The 

study found that PLGA/Col-PCL/nHA matrices could sup-

port cell growth, spreading, viability, along with collagen 

secretion and osteoblast mineralization. After 12 weeks, 

tendon-like tissue and newly formed bone were observed 

in the matrix. The biocompatibility and biomechanical 

properties of the dual nanofibrous matrix, enhanced poten-

tial for tendon rotator cuff regeneration. A similar concept 

was used by Li et al.
90

 for rotator cuff enthesis regeneration 

in a rabbit model. A dual layer of nano hydroxyapatite- 

poly-L-lactic acid (nHA/PLLA) and poly-L lactic acid (PLLA) 

bipolar fibrous matrix was fabricated by electrospinning to 

mimic mineralized and non-mineralized fibrocartilage in 

the enthesis, respectively. At 8 and 12 weeks after implan-

tation, the cartilage regeneration and collagen organiza-

tion significantly improved at the enthesis compared to the 

control groups. Implantation of bipolar fibrous matrices 

significantly increased BMP-2 expression and induced 

bone formation. After 12 weeks, the biomechanical proper-

ties of the treated group were statistically higher than the 

control groups. Cong et al.
91

 advanced this concept with a 

triple-layered “enthesis-mimicking” scaffold structure, 

which consisted of aligned PCL/collagen type I for top layer 

and tendon portion, non-aligned PCL/collagen type II for 

the middle layer, and non-aligned PCL/nanohydroxyapatite 

crystal for the bottom layer. As a result, the enthesis- 

mimicking scaffold group had a higher graft-bone healing 

score and significantly more newly formed fibrocartilage 

than the control group. An enthesis-like structure with 

transitional layers was observed in the EM group at 8 

weeks. The ultimate failure load and stiffness of newly 

formed tissues at the tendon-graft-bone interface were sig-

nificantly higher in the EM group than in the control group 

at 8 weeks. 

Another key factor for a successful incorporation of tis-

sue-engineered constructs is a rapid ingrowth of cells and 

tissues to regenerate the tendon-bone-transition.
92

 Ingrowth 

of cells and tissues strongly depend on a rapid vasculariza-

tion of the implant material for transporting nutrients, 

growth factors, and supporting gas exchange and removal 

of waste materials. Electrospun nanofiber scaffolds can be 

potential candidates to fulfill these criteria. Gniesmer et 

al.
92

 tested chitosan-graft-PCL coated electrospun PCL 

(CS-g-PCL) fiber mats in vivo. Previously, aligned chito-

san-PCL nanofibers showed promising results. Human 

bone marrow stem cells in vitro showed a tenogenic com-

mitment when cultured on aligned chitosan–PCL nano-

fibres
93

 and, an increase in inflammation, cellularity, vas-

cularity, and cell proliferation, in vivo together led to sig-

nificant improvements in structural properties.
94

 This 

study used the dorsal skinfold chamber in mice for charac-

terization of the early vascularization of electrospun PCL 

implant materials. This in vivo model allows the repetitive 

observation of the vascularization of different implant ma-

terials by means of intravital fluorescence microscopy.
95

 As 

results, vascularization was significantly increased in 

CS-g-PCL fiber mats at day 14 compared to the porous poly-

mer patch and uncoated PCL fiber mats. Furthermore 

CS-g-PCL fiber mats also showed a reduced activation of 

immune cells.
92

 CS-g-PCL being able to improve the for-

mation of vascularized tissue and the ingrowth of cells into 

electrospun PCL scaffolds is clinically meaningful. The 

same group further investigated the usefulness of CS-g- 

PCL nanofiber mats in combination of transforming growth 

factor beta 3 (TGF–β3) for rotator cuff healing.
79

 With re-

spect to the tendon-to-bone environment and especially to 

the enthesis, members of the transforming growth factor 

β (TGF–β) superfamily are of particular interest because 

these proteins are known to stimulate chondrogenic differ-

entiation of mesenchymal stromal cells.
96,97

 However, the 

biomechanical analysis revealed that tendon–bone con-
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structs with unloaded scaffolds had significantly lower val-

ues for maximum force compared to native tendons.
79

 

Tendon-bone constructs with TGF–β3-loaded fiber scaf-

folds showed only slightly lower values, but still were in-

ferior to native tendons. In histological evaluation, minor 

differences could be observed.
79

 In conclusion, TGF–β3- 

loading of electrospun PCL fiber scaffolds resulted in more 

robust constructs without causing significant advantages 

on a cellular level.
79

 

LIMITATIONS OF ELECTROSPUN NANOFIBER 

SCAFFOLDS 

Despite several advantages and encouraging outcomes 

of electrospun scaffolds for rotator cuff tendon healing, 

they have limitations. First, the mechanical properties are 

still lower than desired. The healthy tendon can effectively 

withstand physiologic loading around the shoulder joint; 

therefore, the mechanical properties of the engineered tis-

sues should be adequate to survive after implantation. The 

major forces on the rotator cuff are tensile stresses in the 

longitudinal direction, while compressive stresses to with-

stand superior migration of the humeral head have been 

recently recognized especially for superior capsular re-

constructions in massive, irreparable rotator cuff tears. 

The mechanical strength of integration with host tissue 

(scaffold-to-bone interface in most repairs and tendon-to- 

scaffold in the bridging repair model) is also critical to as-

sess potential for repair.
57

 Several methods could help to 

improve tensile properties, such as the choice of polymers 

with higher mechanical properties, the use of cell-seeded 

scaffolds,
75

 the use of aligned fibers,
63,77

 a multilayered ap-

proach,
78

 adding woven fibers,
81,98

 scaling up by stacked or 

braided nanofiber mats,
99

 or post-fabrication treatments
81

 

(cross-linking, bonding and annealing). However, those 

methods have yet to improve mechanical properties to a 

sufficient degree or resulted in adverse effects (decreased 

cell attachment or proliferation and more complex fab-

ricating process). Insufficient mechanical properties of 

electrospun nanofibers may also contribute to their poor 

suture retention and handling properties, which is im-

portant for surgical application, however this factor is rare-

ly evaluated in studies.
75,81

 Additionally, native tendon of-

ten presents a nonlinear elastic behavior which means that 

the slope of the stress–strain curve alters at different 

strains, typically in the toe region. Such nonlinear, elastic 

behavior of biological tissues is probably absent in electro-

spun scaffolds.
52

 Thus, it is important to choose the Young’s 

modulus within ranges of physiological strain to fabricate 

biomimetic scaffolds.
52,78

 Even chitosan-graft-PCL coated 

electrospun PCL scaffolds, recently reported in rat mod-

els,
92,100

 failed to achieve the Young’s Modulus of intact con-

trol infraspinatus tendon (9.3±4.4 MPa in suture-fixed ten-

dons, 13.8±5.4 MPa in the CS-g-PCL-patched group, and 

20.6±10.3 MPa in intact control group).
79

 Viscoelastic mea-

surements are also not commonly used for mechanical 

analysis of rotator cuff scaffolds, probably due to the lack 

of attention to viscoelastic behavior or the thin sheet geom-

etry (typically about tens or hundreds of µm thickness) that 

is insufficient for dynamic mechanical analysis testing 

(with the thickness of several mm).
52

 With viscoelastic 

properties, tendons at low strain rates tend to absorb more 

mechanical energy but are less effective in carrying me-

chanical loads. However, tendons become stiffer and more 

effective in transmitting large muscular loads to bone at 

high strain rates. To reproduce this tendon behavior, nano-

scaffolds should be enhanced to accommodate dynamic in 

vivo muscle and tendon loads and consider dynamic me-

chanical properties. Second, degradation products of the 

polymers used for fabricating nanofibers are an important 

concern, as emphasized by Hakimi et al.
81

 High concen-

trations of lactic acid and glycolic acid were found to mark-

edly inhibit growth of tendon-derived cells.
101

 Therefore, 

the rate of degradation and the accumulation of acidic deg-

radation products are important to the safety of synthetic 

scaffolds. Finally, clear, consistent, and universally ac-

cepted performance criteria are lacking. As shown in the 

studies reviewed, the assessment of tenogenic perform-

ance and potential for repair generally includes cell via-

bility, density, proliferation and migration; expression of 

genes or proteins of interest; histologic and immunochemi-

cal assessment of newly formed tissue; and mechanical 

properties of the cell–scaffold construct. Similar to the ap-

plication of nanofibrous scaffolds for meniscus tissue en-

gineering,
57

 there is, as yet, no clear consensus on a criteria 

to rank the performance of different cell types, scaffold ma-

terials, or culture conditions in the rotator cuff field. 

Furthermore, the wide variation in testing protocols and 

reporting of outcome measures preclude the validation and 

comparison of results among different studies. Therefore, 

comprehensive performance criteria should be developed 

to effectively compare the matrix components and mechan-

ical properties of the engineered tissue to that of native ro-

tator cuff tendon to quantify the potential for clinical trans-

lation.

CONCLUSION

The rotator cuff tendon is crucial to maintain the stabil-

ity and function of the shoulder joint and consistent healing 

of rotator cuff tears is one of the unsolved problems facing 

orthopedic surgeons. Over the last decade, nanofiber scaf-

folds by electrospinning for rotator cuff tissue engineering 

have shown promising in vitro and in vivo results. Nano-

fibrous scaffolds can mimic the native tendon structure and 

have the potential to provide biomimetic mechanical and 

physiological properties that warrant further improve-

ment. The complex regional inhomogeneity of the rotator 

cuff tendon (as shown in macroscopic and microscopic anat-

omy), the nonlinearity of the mechanical properties of ten-

don itself, gradations in biocompositions and mechanical 

properties at the enthesis, and the multiaxial loading envi-

ronment surrounding the shoulder joint indicate that 

greater sophistication in scaffold design is needed. While 
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some limitations are apparent in the present state-of-the- 

art and clinical trials in human are not yet available, over-

coming these obstacles with the development of biomimetic 

nanofiber scaffolds will eventually improve clinical uses 

and long-term success in humans.
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