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SUMMARY
Tissue engineering (TE) is a growing scientific field that combine bioengineering, 
life science and clinical sciences. This scientific field represents a valid alternative to 
treatment of several diseases such as cardiovascular pathologies, osteoarthritis, skin 
burns, and different traumatic injuries. One of the most useful technique employed to 
produce valid scaffold for tissue engineering is the electrospinning, that allow to obtain 
highly customizable nanopatterned meshes. The aim of this review is to give an over-
view of the currently available literature on electrospun scaffold aimed to regenerate 
tendons and ligaments using a TE approach. 
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INTRODUCTION
Tissue engineering (TE) is a rapidly expanding interdisci-
plinary field aimed to restore and regenerate diseased tissues 
to restore their native biological functions. The use of TE 
is stimulating growing interest, and the global market of 
TE is estimated to involve about $11.5 billion in the next 
three years (1). This approach combine bioengineering, life 
science and clinical sciences, and is a valid alternative treat-
ment of various diseases such as cardiovascular pathologies, 
musculoskeletal disorders, or important skin loss conse-
quents to burns or traumatic events (2-4). The main goal 
of TE is to overcome the shortcomings of surgical tech-
niques (such as auto- or allo- graft) conducted to restore 
the tissue integrity after extended damage. For instance, 
one of the most important limitation in reconstructive auto-
graft surgery is the donor tissue shortage, which mean that 
only small defect can be repaired using this technique (5). 
In addition, a donor site morbidity drastically decreases 
the success rate of autograft, and often cause unaesthet-
ic scarring that negatively impact the patients’ life quality 
(6). Donor tissue shortage and donors site morbidity are 
sometimes bypassed performing allograft surgery. Howev-

er, this strategy attracts a decreasing number of clinicians 
due to related high cost (7), as well as the frequent rejec-
tion phenomena that can affect up to 50% of the allograft 
in some kind of surgery (7). In this complex panorama, the 
use of TE could promote the tissue repair reducing the use 
of highly invasive surgery. The TE approach is based on the 
combination of two fundamental elements: a biocompatible 
scaffold mimicking the features of the extracellular matrix 
(ECM) of the targeted tissues and living cells (8). A scaf-
fold is a three-dimensional construct made of biocompati-
ble materials able to provide the structural support for cell 
adhesion and proliferation and promoting the formation of 
new tissue (9). In particular, this construct is conceived as a 
temporary structure to be gradually resorbed after reason-
able time after implantation (7,10). However, as discussed 
above, the structural analogy with the ECM is a fundamen-
tal feature for a scaffold  successfully employable in TE (11). 
ECM is the natural environment that provide structural 
support to cells in vivo. Each cytotype produce a different 
ECM with chemical-physical properties that are charac-
teristic for different kind of tissue (12). ECM also actively 
provide bioactive cues to the residing cells allowing their 
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micro patterned disposition inside a tissue (13). Further-
more, ECM is a microporous environment that allows 
neovascularisation and new tissue formation by dynamic 
remodelling (13). In this context, the design of an ECM-like 
scaffold is aimed to provide enough free space for revas-
cularization to facilitate the formation of new tissue, and 
to promote the integration with host environment (14). 
Moreover, the presence of interconnected porous network 
promote the cells mobility and the diffusion of nutrients 
(14). The porosity grade should be carefully modulated in 
order to assure the needed mechanical properties, which 
are strictly related to the physiological environment which 
the scaffold is designed for (15). Equally important is the 
three-dimensional architecture of a scaffold, which should 
reproduce the conformation of the native ECM to guide the 
optimal spatial cells disposition (15). 
The cellular component is usually composed of cells 
harvested from autologous biopsy and are combined with-
in scaffold by seeding/embedding maintaining conditions 
promoting cells proliferation. Furthermore, the scaffold’s 
cellularization is often supported from bioreactors to main-
tain in vitro fundamental parameters such as oxygen and 
CO2 level, pH, temperature, humidity and osmotic pressure 
(16). The cell-laden scaffolds are cultured in vitro for a peri-
od of time sufficient to obtain a consistent cell density, and 
then surgically implanted at the donor site target (17).

TISSUE ENGINEERING FOR TENDONS 
AND LIGAMENTS REPAIR
In the last decade TE is gaining growing interest in the 
repair of tendons and ligaments due to the high clinical inci-
dence of injuries, graving especially over elderly and sports 
people (7). Is estimated that about 30 million of people 
undergo annually to tendon/ligament repair procedures, 
causing an annually expense of over €150 billion in EU and 
USA (18,19). At present, surgery is the first-line approach to 
repair tendons and ligaments injuries, and the most common 
practice is the reconnection of broken tissue by suturing the 
extremities (20-23). However, surgery is often invasive, in 
particular when a long tendon is damaged such as Achilles 
tendons (24). Moreover, adhesion between tendons and 
surrounding tissue is a common complication after surgical 
flexor tendon repair (25). Many techniques have been devel-
oped to prevent adhesions such as refinement of suturing 
techniques, reconstruction of tendon sheath, and controlled 
early mobilization (25). However, surgery still suffer a high 
unsuccess rate mainly due to limited tissue’s healing process 
(26-28), and up to 40% of individuals with a history of liga-
ment injury have been found to have residual complaints 
interfering with daily living (29). In this complex panorama, 

TE appears to be a promising approach to overcome current 
limitations related to surgery, and could improve the quality 
of life of people affected from tendons and ligaments diseas-
es, and numerous articles focused on electrospun scaffolds 
applied to tendon tissue engineering published in the last 10 
years (5, 30-32) clearly highlight this evidence. However, the 
fabrication of a scaffold is particularly challenging in a high-
ly demanding environment such as tendons and ligament, 
where high resistance to mechanical stress such as traction 
and torsion is required. In fact, the main in vivo role of 
tendons and ligaments is to transmit inter- and intra-struc-
tural forces, as well as to improve the joint stability (20). 
More in detail, tendons transmit forces from muscle to bone 
and are subjected to intense and repeated cycle of tension/
relaxation (20,33). Ligaments transmit forces from bone to 
bone and provide joint stability during normal daily move-
ments (21,34) preventing torsion and hyperextension of the 
articulation (35). Despite different in vivo role of tendons 
and ligaments, they have similar anatomical structure. Both 
are mainly composed of triple-helical collagen type I system-
atically arranged as fibrils, fibers and fascicles (20,33,35). 
The collagen fibrils are the fundamental force-transmitting 
unit of the tendon and are usually oriented in parallel with 
the bone (33). These substructures are surrounded by a 
superstructure with supporting function named peritenon. 
This tissue is made of glycosaminoglycans hierarchically 
organized in different substructures named epitenon and 
paratenon (36), and more than 90% of the dry matter of 
tendons and ligaments are composed of acellular support 
tissue (22, 36). The anatomic architecture of tendons and 
ligaments confers them high resistance against traction and 
torsion during locomotion and physical activities (35). 
Moreover, tendons and ligaments are vascularized only by 
peripheral vessels mainly distributed in the support tissues 
like the paratenon (33,36), and this characteristic cause a 
slow metabolic activity and limited self-healing capacity 
(27). In this context, a scaffold valuable to repair tendons 
and ligaments defect should provide a similar environment 
to support cell proliferation and spatial distribution. For 
instance, the engineered construct should be designed to 
guide the cells alignment aiming to promote the formation 
of a tissue with similar mechanical properties than the native 
tissue (37). Moreover, other desirable features are tenoin-
ductivity and tenoconductivity properties, terms that 
describe the ability to promote cells differentiation and 
remodeling of new tissue respectively (38). In addition, a 
gradient architecture is highly desirable to mimic the native 
anatomy at transition site tendon-bone, tendon-muscle and 
ligament-bone (39). So far, several technologies were adopt-
ed aiming to fabricate engineered scaffold to repair tendons 
and ligaments. Additive manufacturing (AM), also knew as 
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3D printing, is one of most promising technology currently 
employed in TE. After first stereolithography presented by 
Hull in mid 1980s (39), the evolution of 3D printing experi-
enced an exponential growth, and new techniques were 
developed aiming to overcome the shortcomings of oldest 
technologies. Today, several kind of 3D printers based on 
different operating technologies are employed to fabricate 
nanopatterned and aligned (40) constructs suitable for TE 
(41). However, the adequate cellularization of 3D printed 
constructs is a challenge still open, and a low cell density is 
a common shortcoming of scaffolds made of synthetic poly-
mers (42). In this context, bioprinting represent a valid 
alternative of 3D printing, and is more suitable to produce 
scaffolds for TE. More in detail, bioprinting is based on the 
use of bioink usually composed of hydrogels, and the main 
advantage is the possibility to employ cell-laden. Intuitively, 
bioprinted constructs show a drastically increased cell 
density compared to 3D printed scaffold made of synthetic 
polymers, and this feature improve the regenerative poten-
tial of the constructs. For instance, Laternser et al. (43) used 
bioprinting to fabricate a cell-laden musculoskeletal tendon-
like scaffold based on gelatin methacrylate bioink. Howev-
er, although bioprinting has high potential in the develop-
ment of engineered tendons and ligaments, the main 
limitation is linked to inadequate mechanical properties of 
construct made of hydrogels (44). In this context, a valid 
alternative method for biofabrication of engineered 
construct mimicking tendons/ligaments anatomy is textile 
technology such as knitting, braiding, wet spinning, melt 
spinning, and electrospinning. An example is the work 
presented by Liu et al. (45), who combined knitted silk scaf-
fold with microporous sponges seeded with human mesen-
chymal stem cells (hMSCs) to engineer ligaments in vitro. 
More interesting appear the work conducted by Chen et al. 
(46), who realized a knitted silk-collagen scaffold cellular-
ized with human embryonic stem cells (hESC) for Achille 
tendon reconstruction. However, knitting is still ineffective 
to create construct with tunable properties in different 
spatial directions (47). For this reason, this technique is 
mainly employed in TE to produce supporting frameworks 
to improve mechanical properties of scaffold fabricated 
with other techniques. More promising appear the braiding 
approach, in which fibers are braided in different 3D 
geometrical shapes using specific platforms (48). The 
mechanical properties of braided fibers are relatively easily 
tunable respect to knitted fibers, and axial and radial load 
stress are better supported (44). Freeman et al. (49), 
achieved a systematic study on a construct for anterior 
cruciate ligaments (ACL) reconstruction to analyze the 
correlation of the braiding angle with the stress/strain 
response. They observed that a decrease of the braiding 

angle, corresponds to an increase in tensile force. Nonethe-
less, braiding approach is not without disadvantage. 
Currently available technologies only allow to produce 
fibers with diameters up to 20 µm and with a low porosity, 
which may limit cellular adhesion and proliferation. An 
alternative approach to produce artificial tendon was 
attempted by Kew et al. (50), who took advantage from wet 
spinning to produce engineered microfibers composed of 
type-I collagen organized in a pseudo-fascicle structure. 
However, this technology is still affected by shortcomings 
such as limited spinning rate, and low fibers drawing ratio 
(51), which affects the quality of the fibers obtained. Other 
approaches were attempted using melt spinning to create a 
scaffold composed of poly (3-hydroxybutyrate-co-3-hy-
droxyhexanoate) (PHBHHx) for achille tendon repair in a 
rat model (52). Nevertheless, recent finding showed that the 
high operating temperature of melt spinning often interact 
with the chemical integrity of the material. In addition, the 
products lack in mechanical properties, and are not suitable 
to be employed in the TE of tendons and ligaments (51). 
One of the most promising technique adopted to produce 
scaffold suitable for tissue engineering is electrospinning 
(53). Even if this technique was developed and patented by 
J.F. Cooley in 1900 (54), the term “electrospinning” was 
introduced by Dr. Reneker and co-workers (55) in the mid 
1990s, who described electrospun fibers obtained from an 
aqueous solution of polyethyleneoxyde (PEO). Electrospin-
ning take advantage from electrostatic forces to spin a poly-
mer solution in a process that lead to solvent evaporation. 
More in detail, the polymer solution is dispensed from a 
syringe through a positively charged needle toward a nega-
tively charged collector, where is collected as nanopatterned 
yarns. Interestingly, the polymer solution assumes different 
geometries during the process. A cone-shaped geometry is 
typically observed at the extremity of the needle (Taylor’s 
cone), which is composed of positively charged polymer 
solution. The apex of Taylor’s cone is interrupted from the 
formation of a disordered and rapid movement of polymer 
nanofibers (whipping), which travel toward the negatively 
charged collector. Whipping is a fundamental part of the 
process and assures solvent evaporation and nanofibers 
formation (56). Electrospinning in tissue engineering grow-
ingly attracted the scientific community in the last 20 years, 
and over 1200 research articles were published in 2018. This 
technique has become popular due to its advantages, such 
as simplicity, efficiency, and the low cost of the experimental 
set-up (57). Moreover, electrospinning is the unique among 
textile process able to produce fibers characterized by a 
nanopatterned architecture. In fact, an electrospun 
construct is usually composed of fibers with nanometric 
diameters (up to 100 nm), which are dimensionally compa-
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rable to ECM structural proteins (approximately 50–500 
nm) (58). This nanometric pattern confers to electrospun 
construct a high surface to volume ratio, which determine a 
porous architecture promoting cells adhesion and prolifera-
tion (59), and other relevant process such as diffusion of 
nutrients, waste removal (60), and the develop of vascular 
network (61). Moreover, electrospinning is endowed with 
adjustable parameters depending from instrumental set-up 
(flow rate, applied voltage, distance needle-collector) and 
from chemical properties of the polymeric solution (poly-
mer concentration, viscosity, solvent volatility) (59), and this 
high customizability allows to produce non-woven fibers 
tailored to the different experimental needs. Notably, a rela-
tively easy optimization of the polymeric solution properties 
is sufficient to fabricate an electrospun solvent-free materi-
als (62). This aspect drastically increases the biocompatibil-
ity of electrospun scaffold in comparison with construct 
produced with more conventional techniques such as 
solvent-casting (63). Electrospinning also contribute to 
increase cellularization efficiency, a delicate step in the fabri-
cation of a 3D engineered construct. Cell seeding within 
porous 3D scaffolds is particularly challenging in construct 
in which the pores dimensional distribution is too low or 
too high. In this cases, cells are unable to reach the inner 
portions of the construct, and tend to distributes only over 
the external portion of the scaffold. The result is an insuffi-
cient cell density and an inadequate scaffold cellularization 
(64-67). This issue can be addressed using electrospinning 
to fabricate nanosized meshes cells-embedded. Interesting-
ly, the low current employed (nanoamperes) in a traditional 
electrospinning apparatus does not affect the cell viability 
during the process (68). Moreover, recent findings report as 
the use of biologically friendly solvents allow to recovery 
cells from electrospun cell-embedded construct, and this 
approach can be used to assess a post fabrication cells viabil-
ity. Following this rationale, Eddaoudi et al. (69) and 
Townsend-Nicholson et al. (70) produced electrospun scaf-
fold from a cell-laden polymeric solution and evaluated cells 
viability by flow cytometry and gene chip microarray, report-
ing no differences between post-treated cells and control 72 
h after the scaffold fabrication. 

ELECTROSPINNING AND TENDONS/
LIGAMENTS TISSUE ENGINEERING
As above described, electrospinning is widely employed 
in tendons/ligaments tissue engineering to address issues 
commonly related to surgical reconstructive approaches. 
Adhesion and inflammation are two undesirable conditions 
that limits the healing of the damaged tissue and negative-
ly affect the surgery’s outcomes (71). To address this issue, 

Chen and coworkers (72) investigated the anti-adhesion 
properties of an electrospun material based on a hyaluronic 
acid (HA)/polycaprolactone PCL blend. Interestingly, silver 
nanoparticles were embedded into nanofibers to confer 
them antibacterial properties. Scaffolds were implanted in a 
rabbit flexor tendon model and showed encouraging results 
in alleviating peritendinous adhesion and inflammatory 
phenomena. A similar approach characterized the study of 
Liu and colleagues, who fabricated an anti-adhesion electro-
spun scaffold made of PLLA enriched with dextran glassy 
nanoparticles (DGNs) loaded with basic fibroblast growth 
factor (bFGF). Notably, the authors used bFGF due to its 
stimulating activity toward tendon reparation and reported 
positive results onto tendons repair in a rat Achille tendon 
model. Unfortunately, a complete tendon/ligament healing 
after surgical repair is still limited from other unwelcome 
process. Fibrosis is the most relevant of these processes, 
and lead to the formation of scar-tissue at the suturing site, 
which negatively affect the tissue regeneration and drasti-
cally reduce the functionality of the new formed tendon/
ligament (73). The TE approach employed to prevent fibro-
sis, is focused on the fabrication of cellularized constructs 
to promote the formation of new specialized tissue tendon/
ligament like. With this aim, both tenocytes and mesenchy-
mal stem cells (MSC) are currently employed. Moreover, in 
the particular case of tendon/ligament tissue, the choice of 
the most appropriate material also plays a key role in guid-
ing stem cells differentiation in tenogenic lineage (table I). 
Usually, a scaffold for tissue regeneration is mainly based 
on biological components, which the ECM of interest is 
made of. Following this rationale, Type I Collagen and Elas-
tin are biomaterials widely employed in tendon/ligaments 
TE (74-76). More in detail, Type I Collagen is broadly 
considered thanks to its tenoinductive and tenoconductive 
properties and is often employed to realize monocompo-
nent scaffold (77, 78). However, despite its biocompatibil-
ity, collagen lacks in mechanical properties, and the use of 
additional polymers is required to address this issue. Elas-
tin is often employed as structural additional component 
to increase the elastic properties of monocomponent scaf-
folds Collagen-based (79). More frequently, silk-fibroin 
(SF) is employed to improve the mechanical properties of 
collagen-based scaffolds. SF is attractive because is a natu-
ral macromolecular protein composed of amphiphilic block 
copolymers with a hydrophobic portion, ordered and highly 
conserved, and a hydrophilic portion, less ordered and rela-
tively more complex (80-82). The presence of these blocks 
confers to SF high elasticity and toughness (83). Maghdou-
ri-White and coworkers (84) exploited the properties of SF 
to increase the mechanical properties of a collagen-based 
scaffold aiming to repair tendon. More in detail, the author 
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electrospun a SF-Collagen blend enriched with bone 
morphogenetic protein-13 (BMP-13) to confer chemoat-
tractive properties to the scaffold. Interestingly, constructs 
promoted cells migration and adhesion over human teno-
cytes and adipose derived stem cells (ADSC) in vitro and 
make the route for an innovative approach in tendons/liga-
ments repair.
Following the same rationale, Kwon et al. (85) fabricat-
ed electrospun scaffold composed of a silk-based hollow 
thread filled with a mixture of collagen/chondroitin-6-sul-
fate to treat tendon injuries. Scaffolds were then implanted 
in a tendon defect rabbit model to assess the regenerative 
properties. The authors report that the construct was effec-
tive toward cells migration and orientation, and mechani-
cal properties evaluated ex vivo were comparable to native 
Achille tendon.  
The main role of a scaffold for tendon/ligament TE is to 
provide a mechanical support until the newly regenerated 
tendons become mechanically competent. For this reason, 
beside the use of natural polymers several efforts were 
accomplished to introduce the use of electrospinnable and 
biocompatible synthetic polymer, characterized from higher 
resistance to mechanical stress (86). 
This kind of polymers are highly customizable thanks to 
the presence of pendant functional groups, and this feature 
ensure optimal intra- and inter-chain entanglement neces-
sary for a successful electrospinning process.
Moreover, a synthetic polymer can be tailored to produce 
nanopatterned ECM-mimicking materials, composed of 
heterogeneous matrix characterized by gradients-archi-
tecture (87). As demonstrated by Samavedi et al. (88), a 
heterogenous gradient-matrix is able to improve the osse-
ointegration of ligament grafts by mimicking the liga-
ment-bone (L-B) interface characteristic of the native tissue. 
The authors fabricated a graded co-electrospun scaffold 
nHAP-doped made of poly-caprolactone (nHAP-PCL) 
and poly-ester urethane urea (PUR), with a spatial gradi-
ent in nano-hydroxyapatite (nHAP) content (ES scaffold) 

and subsequently immersed these scaffolds into a simulat-
ed body fluid to develop a second mineral gradient (SBF 
scaffold). The incorporation of a mineral phase like HAP 
into/onto scaffolds has been shown to influence mesenchy-
mal stem cell behavior including attachment, osteoblastic 
differentiation and phenotypic maturation. The SEM imag-
es show nHAP particles size which have an average diame-
ter around 200 nm (figure 1a). After treatment with 5 x SBF 
(simulated body fluid), the nHAP-PCL (ES) fibers were 
found to be covered with calcium phosphate mineral layer 
(CaP). Moreover, the fibers in this nHAP-PCL (SBF) region 
(figure 1c) were found to be coated with more crystallites 
than the fibers in the PUR (SBF) region (figure 1d). 
The cell metabolic activity was found to be active in all 
region of both scaffolds, showing an increasing of activity 
from day 1 to day 7 (figure 2a and b). ES scaffold shows a 
higher cell proliferation at both time points. 
Another synthetic polymer considered to produce electro-
spun scaffold is poly glycolic acid (PGA), an highly biocom-
patible aliphatic polyester widely employed in tissue engi-
neering characterized by a high molecular weight, property 
that confers toughness and a high melting point (about 225 
°C) with acceptable mechanical properties (89). However, 
PGA suffer a short in vivo degradation rate, that is usually 
included between 2 to 4 weeks (90). Therefore, in the context 
of the tendon tissue engineering PGA can be useful only in 
the treatment of small injuries. The PGA is easily electro-
spinnable into nanostructured matrices with high mechan-
ical properties and fast degradation time (91). The high 
biocompatibility of PGA was demonstrated in a compara-
tive study conducted by Wagenhäuser and coworkers (92). 
More in detail, the authors produced a scaffold composed of 
PGA/PDS (PP-sca) and used a collagen-sponge (Col-spo) 
as reference (figure 3) construct, aiming to repair tendon 
employing the tendon in situ regeneration (TSR) technique. 
Tenoinductive properties of both scaffolds were tested 
in vitro after seeding with human tendons-derived cells 
(hTDCs) isolated from the long head of the biceps tendon 

Table I. Materials most commonly employed to fabricate scaffold for tendons/ligaments tissue engineering.

POLYMER CLASS ADVANTAGES DISADVANTAGES
Type I Collagen Natural Tenoinductivity, 

Tenoconductivity (41, 42)
Complexity of the structure,
Poor elastic properties (57)

Silk Fibroin Natural Elasticity, toughness (48) Expensive, short-term material (121)

Poly-glycolic acid (PGA) Synthetic High biocompatibility (58) Low yield elongation rate (71)

Poly Lactic Acid (PLLA) Synthetic High biocompatibility (60) 
Easily electrospinnable (65)

High rigidity, low deformability (43)

Polydioxanone (PDS) Synthetic Mechanical properties, flexibility (61) Not easily electrospinnable (105)

Polycaprolactone (PCL) Synthetic High biocompatibility, not expensive (75) High hydrophobicity (109)
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Figure 1. SEM micrographs of: (a) nHAP particles used to fabricate ES scaffold (scale bar: 600 nm), (b) nHAP-PCL (ES) region, 
with arrows showing incorporated nHAP partially exposed on the surface of fibers (scale bar: 2 mm), (c) nHAP-PCL (SBF) region, 
with arrows showing mineral crystallites (grown from 5 x SBF) decorating fibers (scale bar: 10 mm) and (d) PUR (SBF) region, 
with arrows showing mineral crystallites (grown from 5 x SBF) decorating fibers (scale bar: 10 mm). Fiber diameters for nHAP-
PCL and PUR were designed to be significantly different for imaging purposes only. 
Reproduced with permission (Samavedi et al., 2012) Copyright 2012, Elsevier.

Figure 2. Cell metabolic activity on ES and SBF scaffolds, as determined by an MTT assay. Absorbance values correspond 
to mean _ standard error of mean for n ¼ 5 samples. An asterisk indicates statistical significance (p < 0.05) compared to the 
nHAP-PCL region within the same scaffold and time point. An ampersand indicates statistical significance (p < 0.05) compared 
to corresponding regions in the ES scaffold within the same time point. A pound symbol indicates statistical significance (p < 
0.05) compared to activity on respective regions at day 1. 
Reproduced with permission (Samavedi et al., 2012) Copyright 2012, Elsevier.
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Figure 3. Scaffolds for TTE used for cell seeding experiments in this study. Collagen sponge with a basal strengthening 
membrane (TissueTek) (a). PGA/PDS scaffold (Ethisorb, Ethicon) (b). 
Reproduced with permission (Wagenhäuser et al., 2015) new therapeutic strategies need to be developed. Tendon in situ 
regeneration (TSR Copyright 2015, Springer).

(LHB), and the results revealed an analogous cell-doubling 
time. However, if in one hand the PGA scaffold promoted 
cells adhesion and proliferation, in the other side the tensile 
strength was not enough to provide an adequate mechan-
ical support for clinical use. For this reason, the interest 
of scientific community is moving toward the use of more 
performant electrospinnable synthetic materials.
Polylactic acid (PLA) is one of the most promising biocom-
patible synthetic polymers suitable in tissue engineering use. 
The presence of a methyl group in the backbone confers a 
high hydrophobicity to the PLA, and this chemical feature 
drastically affect the in vivo degradation time, that is typical-
ly of 30-50 weeks (93). The high biocompatibility of the PLA 
is linked to the chemical nature of its degradation products. 
In humans, PLA is hydrolyzed in vivo to α-hydroxy acid, 
which are part of the metabolic pathway of the tricarboxyl-
ic acid and is easily excreted. Therefore, the PLA degrada-
tion products are non-toxic (92) and FDA approved also for 
contact with biological fluids (94). The overall characteris-
tic of the PLA highly depends on chemical-physical prop-
erties such as crystallinity grade, molecular weight (Mw), 
and stereoisomeric content 95. In fact, the PLA exist in form 
of two different stereoisomers, the poly (L-lactide) (PLLA) 
and the poly (D-lactide) (PDLA), or as the enantiomeric 
mixture, the poly (DL-lactide) (PDLLA) (96). The PLLA 
represent the most useful form of the PLA in term of elec-
trospinnability (97). In fact, if PLA show a low crystallinity 
grade (96), in the counterpart PLLA is about 37% crystal-

line with a Tm of 175–178 °C and a Tg of 60-65 °C (98) and 
appear more resistant to the mechanical stress commonly 
applied during the electrospinning process. These chemi-
cal-physical characteristic drastically affect also the in vivo 
degradation time of the PLLA, that is about of 2 years (99). 
As shown by Yin et al. (100) the PLLA is a promising mate-
rial to be employed to produce scaffold able to promote the 
regeneration of the tendinous tissue. The authors conducted 
a study onto an electrospun scaffold based on PLLA seeded 
with human tendon stem/progenitor cells (hTSPCs) aiming 
to investigate the ability of the construct to promote the 
hTSPC differentiation. Furthermore, the activity of hTSPCs 
on aligned nanofibers was investigated and compared with 
randomly-oriented nanofibers. Results suggested that both 
aligned and randomly-oriented PLLA scaffolds were able to 
promote cells adhesion and proliferation, and aligned mesh-
es showed higher mechanical properties and promoted cells 
orientation (figure 4).
However, we believe that one of the most remarkable study 
focused on electrospun PLLA meshes aimed to repair 
tendon injuries was presented by Barber et al. (101). In this 
work the authors produced braided nanofibrous scaffolds 
(BNFSs) composed of aligned meshes and seeded with 
human mesenchymal stem cells (hMSCs). The constructs 
were then incubated under differentiating stimuli and were 
able to produce new tendinous tissue. In our point of view, 
the attractive side of this work is the ability of the PLLA 
to support the hMSC proliferation and, more interesting-
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Figure 4. SEM micro-
graphs (3000 µm) of 
electrospun PLLA with 
aligned (A) and random-
ly-oriented (B) fibrous 
scaffold surface morphol-
ogy (scale bars = 10 mm). 
SEM micrographies of 
hTSPCs cultured on the 
aligned (C) and random-
ly-oriented (D) scaffold 
respectively (scale bar = 
5 µm). Confocal micro-
graph of CFDA-stained 
elongated hTSPCs on 
the aligned scaffold (E) 
and on the randomly-ori-
ented scaffold (F) (scale 
bar = 50 µm). Load–
strain curves of aligned 
and randomly-oriented 
fibrous scaffolds (G). 
Reproduced with permis-
sion (Yin et al., 2010) 
Copyright 2010, Springer.
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ly, their differentiation into a tenocyte lineage. Beside PLA, 
polydioxanone (PDO) is another versatile polyester to be 
used in tendons/ligaments TE. PDO is characterized by 
high biocompatibility and is widely employed as suturing 
material in surgical field. It is not a pure polyester but can 
be better defined as poly (ether-ester), due to an ether bond 
in the main chain. It is characterized by a high crystallinity 
degree, that is usually about of 55%, a Tm ~ 60°C, and a 
Tg ~ 0°C. PDO show a tensile strength ~ 48 MPa and elon-
gation modulus of about 1500 MPa (93). The inclusion of 
an ester oxygen in the monomer backbone confer to PDO 
an excellent flexibility and good mechanical properties (93). 
PDO was successful electrospun from 2,2,2-trifluoroethanol 
(TFE) (Padmakumar et al., 2019) (102) or 1,1,1,3,3,3-hexa-
fluoro-2-propanol (HFIP) (103) and employed for tendon 
tissue engineering (104). One remarkable study was 
conducted from Hislop et al. (105), that employed PDO 
to realize an electrospun patch aimed to support rotator 
cuff tendon self-healing after surgery. Human tendon-de-
rived cells (hTDCs) were seeded into the patch, and cells 
proliferation was observed within 4 weeks suggested an in 
vitro tenoinductive effect of the construct. By following a 
similar rationale Hakimi and co-workers (106) produced a 
biocompatible composite electrospun patch for improving 
the physiologic healing rates of rotator cuff repairs. In this 
case a three-layer scaffold was fabricated by following an 
architecture PDO/PCL/PDO. External portions of PDO 
were composed by randomly-oriented microfibers and 
aligned nanopatterned meshes, with support and cell-at-
traction function respectively. Central portion of PCL had 
a mechanical role aimed to separate two PDO portions 
(figure 5). Composite scaffold was then seeded with hTDCs 

and proliferation and differentiation were evaluated by in 
vitro and in vivo tests over rat models, according to the ethi-
cal guidelines (126). Results showed good properties in term 
of tenoinduction and new tendon tissue was able to growth 
onto implanted scaffold (figure 6). 
Another synthetic polyester employed to develop new elec-
trospun material for tendons/ligaments TE is polycapro-
lactone (PCL) thanks to its relatively low cost compared to 
the most part of electrospinning biomaterials. Chemically, 
PCL is a semi-crystalline polyester characterized from five 
non-polar methylene groups in its repeating unit, and this 
chemical composition confers to the PCL a high hydropho-
bicity. As direct consequence, PCL is characterized from a 
long in vivo degradation time, that is usually between 12 to 
24 months (107) and is often employed in tissue engineer-
ing as blending agent to modulate the in vivo degradation 
time of other biomaterials (108). As reported from Orr et al. 
(109), the PCL represent a promising material to promote 
the regeneration of damaged tendon tissue. More in detail, 
the authors fabricated aligned multilayered electrospun 
nanofibrous scaffolds based on PCL and cellularized with 
human adipose stem cells (hASCs). 
Accurate analyses reported a relevant adhesion and differ-
entiation of human adipose stem cells (hASCs) onto electro-
spun nanofibers, as well as a significantly relevant increase 
in the expression of tendon-related genes. Moreover, the 
construct promoted collagen fibers alignment, and dras-
tically increased tendon-related gene expression. Further 
studies conducted in vivo in murine models also under-
lined the noticeable mechanical properties of electrospun 
PCL scaffolds (110) and their complete integration with the 
surrounding tendon tissue (111).

Figure 5. SEM micrographies of cross-section of the layered scaffold (A), of the micropatterned layer (B), of the PCL layer (C) 
and of the alaigned nanopatterned layer (D). Schematic description of the design rational behind the layered scaffold (E). Scale 
bars = 100 µm. 
Reproduced with permission  (Hakimi et al., 2015)Copyright 2015, Elsevier.

An electrospun mat of oriented PDO 
nanofibres to provide cell guidance

An electrospun 
mat of randomly 
oriented PCL 
nanofibres to bind 
the components 
layers

A strong, pain weave of 
PDO monofilaments to 
provide mechanical support
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In the context of tendons/ligaments TE, recent tendency is 
addressed to fabricate electrospun materials composed of 
polymeric blend, which has the main advantage to improve 
the overall features of the final product. In particular, the 
most efficient approach is to employ a mixture of natural/
synthetic polymers in which the natural polymers confer 
high biocompatibility and good cellular response to the 
scaffold. At the same time, the synthetic polymers compen-
sate for the lack in mechanical properties which the natu-
ral polymers are affected from. Several scientists demon-
strated that blended-material showed improved features if 
compared to single polymeric component. For instance, Sun 
et al. (112) produced a coelectrospun scaffold based on poly 
(lactic-co-glycolic acid)/collagen I-polycaprolactone/nano-
hydroxyapatite (PLGA/Col-PCL/nHA) aimed to repair 
massive rotator cuff tears (MRCTs). Human fibroblasts and 

osteoblasts were seeded onto PLGA/Col and PCL/nHA 
respectively, and the cellular proliferation was sensibly high-
er in blended scaffold if compared to simple PLGA and 
PCL nanofibers. A similar approach was followed Xu et al. 
(113) that fabricated 3D networks of electrospun nanoyarn 
scaffold composed of PLLA/PCL matrix enriched with 
Type I collagen. After seeding with Tendon Cells (TDc) they 
demonstrate that this cytotype maintained native morphol-
ogy and, in addition, the scaffold promoted cellular prolif-
eration. Other following studies (114) demonstrate the 
evidence that the same system with aligned fibers, seeded 
with Tendon-Derived Stem Cells (TDSCs), promoted the 
regeneration of injured rabbit patellar tendons, and this 
activity is triggered by mechanical stimulation. By follow-
ing the same rationale several groups worked on use of SF 
blended with synthetic polymers for application in TTE. 

Figure 6. In vivo rat model referring to the rat shoulder (A). SEM micrographies showing new tissue growing onto the scaffold 
after 2 weeks (B), 4 weeks (C), 6 weeks (D) and 12 weeks (E). The capsule size increased up to 2 weeks in vivo, after which it was 
reduced and better-defined over 12 weeks (F). 
Reproduced with permission  (Hakimi et al., 2015). Copyright 2015, Elsevier.
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Thanks to above described characteristics of the SF, several 
groups studied and developed tissue engineered based on 
the employ of this biomaterial (45, 115-123). Analogously, 
Yang et al. (124) worked to obtain a scaffold suitable for 
tendon repair, and produced a nanoyarn-reinforced nano-
fibrous scaffold (NRS) composed by silk fibroin (SF) and 
poly (l-lactide-co-caprolactone) blends and obtained scaf-
folds were seeded with bone marrow-derived mesenchy-
mal stem cells (MSCs). Following in vitro studies revealed 
a sensibly higher proliferation rate inside NRS meshes if 
compared with correspondent traditional random and 
aligned electrospun scaffolds.

CONCLUSIONS AND PERSPECTIVES
Tendons and ligaments healing is a physiologically slow 
and incomplete process, which is not able to regenerate 
new functional tissue. Fibrotic tissue usually replace the 
native one after an injury, compromising the functionality 
of the affected site. As far, surgery is the approach common-
ly adopted to repair tendons/ligaments tear and lesion. 
However, this approach is affected by high failure rates, 
which may be around at 75% in some case of rotator cuff 
repair. In this context, TE represent a promising approach 
potentially able to promote the regeneration of tendon and 
ligament tissue-like, and to improve the patients’ quali-
ty of life. Today several advanced technologies are avail-
able to fabricate constructs suitable for tendons/ligaments 
TE. However, often they are not able to respond to high 
demanding environment such as tendons and ligaments. 
For instance, 3D printing still leak in pores consistency and 
dimensions (125), and in mechanical properties (127). The 
use of more conventional method like solvent casting, are 
affected from important disadvantages, mainly linked to 

the presence of organic solvent residues, and to the difficul-
ty in molecules incorporation. Textile technologies appear 
be more indicated to reproduce anisotropic architecture of 
tendons and ligaments. Nevertheless, textile methodologies 
such as braiding or knitting are affected by important draw-
back such as limited spinning rate, low fibers drawing ratio 
(51), and low customizability. To date, electrospinning is the 
most adequate technique to produce a construct mimicking 
the complex tendons/ligaments architecture. Electrospun 
nanofibers are characterized from a nanopatterned archi-
tecture reproducing tendons/ligaments ECM. Moreover, 
the possibility to fabricate aligned constructs, positively 
affect the regenerative outcomes, promoting cells adhesion 
and proliferation. Furthermore, nanopatterned architecture 
of electrospun construct is characterized from high porosity, 
which promote the nutrients diffusion toward resident cells. 
However, several issue should be addressed to promote a 
clinical translation of electrospun constructs to repair 
tendons and ligaments. One negative aspect is the difficulty 
in the control of the pore network, which is still imprecise 
and unpredictable. Moreover, the low yield of the electro-
spinning process negatively impact the pathway toward an 
industrial scalability.
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