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Abstract

Tendon and ligament injuries caused by trauma and degenerative diseases are frequent and affect
diverse groups of the population. Such injuries reduce musculoskeletal performance, limit joint
mobility, and lower people’s comfort. Currently, various treatment strategies and surgical
procedures are used to heal, repair, and restore the native tissue function. However, these strategies
are inadequate and, in some cases, fail to re-establish the lost functionality. Tissue engineering and
regenerative medicine approaches aim to overcome these disadvantages by stimulating the
regeneration and formation of neo-tissues. Design and fabrication of artificial scaffolds with
tailored mechanical properties are crucial for restoring the mechanical function of tendons. In this
review, we present the tendon and ligament structure, their physiology, and performance. On the
other hand, we focus on the requirements for the development of an effective reconstruction
device. We also describe the most common fiber-based scaffolding systems for tendon and
ligament tissue regeneration like strand fibers, woven, knitted, braided, and braid-twisted fibrous
structures, as well as electrospun and wet-spun constructs, discussing critically the advantages and
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limitations of their utilization. Finally, we point out the potential of multi-layered systems as the
most effective candidates for tendon and ligaments tissue engineering.

The literature of fiber-based systems for tendon and ligament repair, healing and regeneration is
reported. Fibrous scaffolds including strand fibers, woven, knitted, braided and braid-twisted
fibrous constructs, electrospun and wet-spun structures, as well as multi-layered systems are
critically reviewed and described, pointing out advantages and drawbacks of each approach.
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1. Introduction

Tendons and ligaments are fibrous connective tissues, having the function of transmitting
loads in between muscle and bone, and from one bone to another, respectively. The tendon
and ligament structures are designed to carry loads and to guarantee sufficient
biomechanical performances, bearing and reinforcing the joints as well as preventing bone
luxation [1]. Tendon and ligaments are typically avascular and are mainly composed of
extracellular matrix (ECM) composed of collagen type I, I11, V, and X (75%), proteoglycans
(e.g decorin) (20%), tenascin C, scleraxis, elastin (1%) and water. Progenitor cells,
fibroblasts and tenocytes, represent the cellular component of the tissues. The structure of
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tendons and ligaments expands along their axes and shows a high hierarchical organization.
The different organization levels are composed of: collagen molecules, collagen fibrils,
collagen fibril bundles, collagen fibril fascicles, proteoglycans, and elastin [2-4] (Figure 1A-
B). The highly organized structure and the tissue components influence their mechanical
behavior [5:6],

1.1. Tendon and ligament mechanical properties

James et al. studied the mechanical properties of tendons, individuating a triphasic behavior
of the tissue when strain is applied (Figure 2A) [78]. The first region (non-linear or toe
region) exhibits low values of stress. In this phase, the force applied to the tissue is
transferred to the collagen fibrils, inducing their contraction and rearrangement. The second
region (linear region) is characterized by a linear increase of stress and strain, due to the
straightening and stretching of collagen molecules. The third phase displays a flexion of the
curve (microscopic failure). In this region, the stress values slightly diminish until the
defibrillation of collagen fibers occurs, resulting in the macroscopic tissue rupture [1:71,
Ligament tissue showed a similar behavior when subjected to tensile load (Figure 2B) [°].
Depending on the type, the normal healthy tendon or ligament works between 7% and 40%
failure load. Prosthetic implants for tendon and ligament replacement or reinforcement are
intended to match or exceed the mechanical properties of the native tissue. However, some
mechanical parameters such as strength, stiffness, and elongation obtained for existing
devices, still do not correspond to the physiological values [2].

1.2. Injuries and healing process

Tendon and ligament injuries in the young population are derived mainly from sport
activities including football, basketball, and handball, while fall and lift of heavy weights are
responsible for injuries in elderly population [1%]. In addition to injuries, chronic
deterioration of the tissues often affects the oldest part of the population. Both tissue injuries
and degenerative processes, result in reduced musculoskeletal functions, limiting people’s
activities. Annually, just in the United States, approximately 300.000 surgical repairs of
shoulders, foot, and ankles [2], and around 350.000 anterior cruciate ligament (ACL)
reconstructive surgeries are performed [11.12] costing around $30 billion (131, When the
injury occurs, the characteristic cascade of wound healing takes place: the tissue
inflammation phase is followed by cellular growth, with subsequent ECM restoration [14.15],
The first stage is characterized by the formation of a blood clot on the injured area due to the
migration of monocytes, leukocytes, and macrophages [2]. The proliferation phase provides
the migration and deposition of fibroblasts to form the vascular granular tissue. The cells
start to produce and deposit collagen (mostly type I and 111) during the remodeling phase,
allowing the synthesis of ECM, resulting in the re-growth of the tissue with low organization
level of the fibers [16.17],

1.3. Treatment strategies

Historically, since the 1980s, the tendon and ligament injury treatments included several
approaches based on non-operative treatments as well as various repair surgeries. Surgical
procedures involve the implantation of natural or biological grafts [11], autografts, allografts,
and synthetic grafts [18.19]. Autografts and allografts have been found to possess good
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mechanical strength as well as correct architectural structure and chemical composition to
promote cell proliferation and to stimulate new tissue growth [1.201. The main concerns about
autografts are the donor site morbidity and limited graft availability. The use of cadaver
allografts carries a high probability of bacterial infection, late biological incorporation, and
transmission of blood-borne diseases [21:22], The failure of the grafts has higher incidence
for elderly patients, people with tears of a large size or with severe muscle atrophies and
fatty infiltrations, and patients with systemic diseases [3]. For all these reasons, there is a
need for the development of new solutions. The fabrication and implantation of scaffolds
derived from biological sources or synthetic scaffolds composed of biodegradable polymers
are drawing noticeable attention for the injury care of tendons and ligaments.

In this article, we review the literature of fiber-based scaffolds for tendon and ligament
engineering. Fibrous constructs including strand fibers, woven, knitted, braided and braid-
twisted, electro- and wet-spun structures are critically described and analyzed, focusing on
advantages and drawbacks of each approach (23241, Finally, the potential of engineered
multi-layered systems as solutions for tendon and ligament regeneration is presented.

2. Tendon and ligament tissue engineering

Tissue engineering (TE), is a multidisciplinary approach which combines engineering,
material science, chemistry, and biology to successfully regenerate damaged tissues,
recreating their architecture, and restoring their functions. In the end of 1993, Robert Langer
and Joseph Vacanti introduced the concept of TE, describing the fundamental elements of
tissue engineered systems defined as “a structural scaffold, a cell source, biological
moadulators and mechanical stimuli”’[25]. According to this definition, TE of functional
tendon and ligament requires the combination of porous three-dimensional (3D) matrix
structures, which can enhance tissue regeneration as well as encapsulation of isolated cells
and growth factors [21:261 |n this frame, the design of a proper scaffold degradation rate and
matching the tissue mechanical properties are considered the main challenges. Ideally, the
substitute should support the tissue functionality, and favor tissue formation while degrading
over time, permitting the total regeneration of the injured site [27:28]. Moreover, the
definition of the main factors which guide healing, as well as the detection of the
mechanical, biological, and chemical patterns of stimuli are also considered among the most
crucial aspects for a proper engineered tendon and ligament tissue design [27:29.30],

2.1. Role of mechanical, biological and chemical stimulation in tendon and ligament
regeneration

The dynamic mechanical stimuli play a fundamental role in tendon and ligament
development, homeostasis, repair, healing, and maintenance of strength [31-33]. The absence
of the stimulation pathways induces a loss in the mechanical properties of the tissues [34-361,
Timing, direction, and magnitude of the mechanical stimulation affect cell integrin-mediated
focal adhesion and cytoskeleton orientation, influencing cellular growth, differentiation, and
ECM production [37-431, Moreover, mechanical factors such as substrate stiffness, surface

topography, and geometry are expected to significantly affect cellular activity and functions
[21,44-46]
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Biological stimulation is mainly promoted by various types of cells. Fibroblasts are the
principal cell component of tendon/ligament tissues and are involved in the synthesis,
secretion, deposition, and maintenance of the ECM [47-49]_ L et a/. demonstrated that
fibroblast cells cultured on scaffold’s surface showed a sufficient ECM deposition,
proteoglycans production, and promoted adequate native tissue hierarchical organization
[501, The constant secretion of ECM can also improve the scaffold mechanical characteristics
in terms of tensile properties, as well as its flexibility in the axial direction promoting
mechanotransduction 41511, Mesenchymal stem cells (MSCs) might also be used for tissue
regeneration purposes. Many studies have demonstrated their potential for differentiation
into several cell types such as fibroblasts, osteoblasts, chondrocytes, myoblasts, and
tenocytes [52-541. Moreover, the administration of MSCs is reported to successfully promote

healing and regeneration of various musculoskeletal tissues (e.g. bones and ligaments)
[11,49,55]

Growth factors (GF) stimulate tendon and ligament cells, influencing tissue homeostasis,
repair, and healing [11.2256] They possess the ability to affect cellular growth and migration,
synthesis of different collagen types, as well as ECM protein secretion [57:58]. GFs such as
basic Fibroblast Growth Factors (bFGFs), Bone Morphogenetic Proteins (BMPs),
Transforming Growth Factor beta (TGF-8), and platelet-derived growth factors (PDGFs) are
the most commonly used, due to their capability to promote the tendon/ligament
regeneration [59-65],

2.2. Scaffolds used in tendon and ligament tissue engineering

The engineered scaffold functions as a support structure. Ideally, this kind of construct
should be biocompatible, degradable, provoke the least possible inflammatory reaction and
should be easy to implant [2°]. It should act as a tissue growth support and vehicle for the
cells and growth factors, while the adhesion of surrounded tissue should be avoided [%6]. The
scaffold is also supposed to recapitulate the mechanical features of the healthy tissue,
guaranteeing the transmission of forces and strengthening the joint, without risk of failure
(2], In order to design a proper scaffold for tendon and ligament engineering, various natural
materials, biodegradable polymers, and composite biomaterials have been considered [67-761,
Commercial materials used to produce and fabricate scaffolds for this application include
synthetic degradable, synthetic non-degradable, biological, and naturally derived materials
[2], Synthetic biomaterials have the great advantage of improving tissue repair by sharing
mechanical loads with the host tissue. The possibility of utilization of a large variety of
polymers and fabrication methods, as well as flexible designs, led researchers to optimize
dimensions, mechanical properties, biological characteristics, sterility, and degradation rates
of biomaterials to better recapitulate the complexity of tendons and ligaments [771. Synthetic
biomaterials carry a lower risk of disease transmission in comparison to their natural
counterparts when implanted in the host body [111. Degradable synthetic polymers including
poly(caprolactone) (PCL), poly(lactic acid) (PLA), poly(glycolic acid) (PLG) and their
copolymers and composites, polydioxanone (PDO), poly (glycerol sebacate) (PGS), and
polyurethane (PU) have been explored as promising candidate materials for the production
of tendon and ligament engineered scaffolds [47.78-82] Nevertheless, they do not show the
optimal support for cellular adhesion, growth, and infiltration, or new tissue formation. To
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improve the biological response of cells cultured on the scaffolds, some research groups
introduced the use of biomaterials derived from natural sources like collagen, alginate,
chitosan, hyaluronic acid, gelatin, fibrin, heparin, and silk fibroin, which are reported to be
more suitable for cell attachment and proliferation [52:57.60.83-88] Eyen though they are able
to improve the tissue healing process, their application is limited due to the poor suture
retention and insufficient mechanical properties (21891 (except for silk fibroin which
matched the tensile characteristics of native ligament [86]). In order to overcome these
disadvantages, researchers started to consider synthetic polymers as reinforcement of
naturally derived scaffolds, exploring and designing different composites and multi-layered
structures [46:90-93] |n the literature, many strategies are discussed for the design and
fabrication of the scaffolds for tendon and ligament regeneration purposes (Table 1). This
review is focused on fiber-based approaches for scaffold fabrication, which mimics the
fibrillar architecture of the native tissue and potentially direct cellular organization and ECM
deposition.

3. Fiber-based engineered scaffolds for tendons and ligaments

Fibrous scaffolds produced using various fiber-based fabricating techniques are recognized
to be suitable for replacing anisotropic tissues and to promote their healing [94-991. The
specific structure enables them to mimic the collagen organization, to guarantee mechanical
support and tissue infiltration during the regeneration process [100-103] |n this article, we
have mainly focused on the analysis of the utilization of fiber-based architectures including
strand fibers, woven, knitted, braided, and braid-twisted fibrous structures as well as
electrospun, wet-spun and multi-layered fibrous constructs.

3.1. Strand fibers

In the late 1970s, strand carbon fibers were one of the first approaches used for tendon and
ligament replacement. Since carbon compounds are present in native tissues, grafts made of
carbon elements, such as carbon fibers, were explored due to their promising
biocompatibility. Carbon fibers showed high tensile strength and low elongation rate.
Moreover, their characteristics, such as the capability to induce infiltration, orientation, and
production of collagen as well as biocompatibility and inertness made carbon fibers a
considerable candidate for tissue repair purposes [194]. Several studies on carbon fibrous
grafts for tendon/ligament showed that carbon fibers do not inhibit tissue growth, become
stronger over time and they may perform as a scaffold for tissue regeneration [18.105.106]

In the 1980s, carbon fibers became commercially available from four different companies
and clinically used in 20 countries [197]. Kumar et a/. confirmed repair and regeneration of a
tendon tissue defect after 30 days from carbon fibrous graft implantation. Collagen and
blood vessel organization were conformed similar to the normal healing process, proving
that carbon biologically acts as an inert material [104. However, long-term follow up showed
fragmentation and erosion degradation phenomena in the fibers, which provoked migration
of the carbon particles in the synovium, hyaline cartilage, and menisci. Accumulation of the
particles near lymph nodes, slight inflammatory reaction, synovitis, and hypertrophy were
also reported [108.1091 Moreover, discomfort and the loss of knee mobility, and a consistent
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number of failure determined the limitation of carbon fiber use for tendon/ligament
regeneration [108.110] Even though carbon fibers were produced ‘naked’ in the beginning,
many polymers and co-polymers have been utilized as their coatings or protection agents.
Synthetic polymers including PCL, PLA, PGA, and their derived copolymers, as well as
natural polymers such as gelatin have been considered for this purpose [18.107.111] Carhon
fibers were incorporated into 3D printed polymeric structures in order to improve the cell
colonization. Positive results demonstrated the scaffold’s potential application in tendon/
ligament repair (1111,

Lately, strand fibers made of collagen via self-assembly or crosslinking technique have been
investigated for reproducing the characteristic collagen fascicle structure of tendons and
ligaments. Collagen was selected due to its great porosity and capacity to mimic the proper
microenvironment and structural features of the native tissues, as well as its ability to act as
elastic energy storage in the tissue structure during locomotion [112]. However, a study of
Panas-Perez et al. showed that collagen strand fibers had low mechanical properties and
degraded within 2 months after implantation, increasing the risk of premature failure. In
order to increase the mechanical characteristics and the degradation rate, they introduced
silk fibroin and fabricated a composite scaffold made of 14% silk and 86% collagen fibers
(v/v). The composite scaffold demonstrated ultimate tensile stress comparable to native
ligament and slow degradation rate but not adequate physical resorption [113]. Additionally,
immunogenicity caused by bovine collagen and toxicity of chemical crosslinking agents
have led researchers to consider other alternatives. Recently, ultrahigh molecular weight
polyethylene (UHMWRPE) strand fibers were incorporated into a hydrogel network for
tendon reinforcement. The authors reported the matching of mechanical properties with the
native tissue, as well as infiltration and expression of tenogenic genes by tendon stem cells.
Additionally, collagen ingrowth was also observed in a rat model 7 vivo [1141,

Strand fibers have the advantage of supporting collagen production, infiltration, and
orientation. However, fragmentation and degradation phenomena of carbon fibers induced
discomfort, loss of knee mobility, and failure; while not sufficient mechanical properties and
fast degradation rate of fibers composed of collagen provoked their failure. Thus, the use of
strand fibers as scaffold for tendon and ligament regeneration is now limited.

3.2. Woven fibrous structures

Common textile-based technologies such as weaving, knitting, braiding and braid-twisting
have also been applied for the fabrication of 3D fibrous architectures for tendon/ligament
applications (Figure 3). In this frame, woven structures are obtained by interlacing two
orthogonal sets of fibers, namely warp and weft, in a methodic and repetitive pattern. More
specifically, weft fibers perpendicularly cross warps fibers at each weaving step, resulting in
a regular 3D fiber-based structure (Figure 3A). The use of non-degradable synthetic
constructs is one of the oldest strategies for tendon/ligament repair. Commercial woven
fibrous devices made of poly(ethylene terephthalate) (PET) (e.g. Leeds-Keio ligament or
Ligament Advanced Reinforcement System) and stretched poly(tetrafluoroethylene) (Gore-
Tex) have been widely implanted as tissue reinforcements and replacements [115-120],
Conditionally approved by the Food and Drugs Administration (FDA), they have the
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capacity to replace and protect the injured tissue, preventing osteoarthritis and allowing the
ingrowth of new tissue without risk of cross-infection, while restoring the joint stability
[121], The Leeds-Keio (LK) ligament (Neoligaments Ltd, UK), a cylindrical woven structure
made of fibers of PET, was introduced and applied in the clinical practice in the 1980s and
1990s, counting over 50000 implantations all over the word. The graft provided strength,
relatively low stiffness, and biological inertness, giving immediate stability and promoting
the ingrowth of collagen fibers [122]. Zaffagnini et a/. studied intact LK ligaments after 20
years of implantation. Fibroblast migration and deposition of collagen tissue was proven by
histologic and ultrastructural results. It has been reported, that the grafts were fully covered
by autologous tissue, while collagen fibrils were physiologically orientated in the load
direction. [1231 However, long-term implantation outcome was only successful in about 60%
of the patients [1241. An increase in laxity, loss of stability, and pivot shifting are reported in
50% of unsuccessful cases, while the device failure rupture occurred in about 30%. Denti et
al. demonstrated that the loss of stability is not time-dependent, and showed comparable
results of short-term and long-term analysis of the implanted grafts [125]. Shroven er al.
demonstrated that the high rate of laxity led to a decrease in LK graft functions and tensile
mechanical properties during the implantation time [128]. For all these disadvantages, recent
studies doubted the efficiency of LK in the neoligament formation (1171, Another artificial
non-degradable scaffold made of PET fibers for tendon and ligament replacement purposes
is the Ligament Advanced Reinforcement System (LARS, France)l127]. Its intra-articular
structure is characterized by longitudinal fibers which possess resistance to fatigue and
permit cell infiltration. The extra-articular part is instead characterized by woven fibers
which offer strength and resist to elongation. Left knee and right knee have clockwise and
counterclockwise designs, respectively [1191, LARS artificial ligament showed a sufficient
mechanical resistance of tension, flexion, and torsion loads. Moreover, it is not susceptible
to torsional fatigue, wear, and tear events [128]. In their study, Gao et a/. indicated a clinical
outcome of LARS failure of 4,4% and a very low complication rate without significant
evidence of synovitis, concluding good short and long term results of LARS implantation
[119] It has been also shown that LARS artificial ligament could induce the deposition of
autologous collagen and neo tissue formation [129]. Since LARS and LK are both made of
the same material, their biocompatibility is similar, thus the autologous tissue ingrowth rate
is not significantly different. Zaffagnini et a/. demonstrated through /n vitroand in vivo
studies the suitability of both LARS and LK surfaces for fibroblast adhesion and
proliferation [1231. Even though the woven fibrous devices protected the injured tissues from
axial splitting and abrasive wear, guaranteeing sufficient extensibility and tissue infiltration,
they generally failed due to the long-term mechanical phenomena such as creep, fatigue,
stress shielding and permanent deformation. Moreover, the contact with bone sharp edges
might induce abrasions, generating debris which could result in joint synovitis [18:19],
Recently, more biocompatible materials (e.g. collagen) have been proposed for the
production of woven scaffolds [130.131] | earn et al. proposed a type I collagen woven
system for tendon repair. The scaffold was seeded with MSCs and tested /77 vivoin a rabbit
model. Results showed an increment in stiffness, collagen deposition, and specific tenogenic
protein expression (i.e. tenomodulin) [132],
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On the other hand, weaving textile technique using electrospun fibrous threads have also
gained the interest of researches [133.134] |n this frame, Laranjera et al. fabricated a novel
woven scaffold made of PLC, chitosan and cellulose nanocrystals electrospun fibers,
showing its potential for tendon tissue engineering. The biological response was tested using
two different cells’ sources: human adipose-derived stem cells and human tendon-derived
cells. Results showed cell elongation and alignment, while the expression of specific
tenogenic markers was detected. Moreover, cell infiltration and ECM oriented deposition
were reported [134] In the same manner, Dong et al. proposed the use of silk fibroin and
laponite (LAP) wet-spun fibers to fabricate a woven platform for ligament applications. The
system showed compatibility and osteogenic differentiation of mouse pre-osteoblasts /in
vitro, as well as osteointegration and improvement of mechanical properties in a rat model /in
vivo [73],

Woven structures provided strength and stability while promoting ingrowth of collagen
fibers. However, these constructs do not allow optimal cell infiltration which is essential for
efficient regeneration of the tissue. Moreover, fatigue and permanent deformation
phenomena as well as laxity and pivot shifting represent big disadvantages of this approach.

3.3. Khnitted fibrous structures

The knitting textile-based technology provides two sets of fibers interlocked in a series of
connected loops, creating a 3D structure with knitted fibrous architecture (Figure 3B). The
most interesting characteristic of knitted fibrous structures is their ability to reproduce the
tendon/ligament toe region during tensile mechanical tests. Additionally, knitting technology
allows the fabrication of less dense structures which can be tailored and customized for the
desired size. The low-density structure shows internal interconnected pores, useful for
nutrient and gas transportation, and tissue ingrowth. However, the high porosity does not
permit a homogeneous and controlled distribution of the seeded cells. To solve this problem,
different techniques such as cell encapsulation in hydrogel, elaboration of natural polymer
fiber network, cell sheet TE, silk microporous sponge, and nanofiber deposition by
electrospinning technique were developed [78:135.136] Cristino et a/. seeded MSCs on a
hyaluronan-based knitted commercial scaffold for ligament regeneration (HYAFF). They
reported homogeneous cell distribution, as well as cluster of differentiation 44 (CD44),
collagen I and 111, laminin, fibronectin, and actin expression, concluding that knitted HYAFF
scaffold is not immunogenic and enables the new-tendon/ligament tissue ingrowth 321, Cai
et al. proposed a PLC and silk fibroin/PLCL knitted system for tendon engineering. /n vitro
biological performances were evaluated seeding rabbit bone marrow stem cells, showing cell
elongation, proliferation and expression of tenogenic key markers. On the other hand, the
scaffold was tested /n7 vivo in a rabbit model, demonstrating sufficient biomechanical
properties, as well as tissue repair and regeneration [137]. Moreover, Vaquette et a/. designed
a novel poly(lactide-co-caprolactone) PLCL knitted scaffold coated by aligned electrospun
microfibers, to obtain a better spatial reproduction of cell microenvironment. Scanning
Electron Microscope (SEM) images of the construct are reported in Figure 4A. Cells seeded
on the composite scaffolds appeared uniformly distributed with spontaneous orientation
along the aligned microfibers. Immunostaining proved cell proliferation and ECM secretion
(mainly collagen I and 111) (Figure 4B) [78]. Furthermore, stress-strain curves showed the
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characteristic triphasic profile, mimicking the mechanical behavior of the native tendon
(Figure 4C). Sahoo et al. proposed a poly(lactic-co-glycolic acid) (PLGA) knitted scaffold
coated with PLGA electrospun nanofibers to recapitulate the native nanofibrous architecture
of tendon/ligament ECM, as well as to guarantee cell adhesion on a large biocompatible
surface area [138]. The scaffold was seeded with the bone marrow stromal cells which
expressed high level of specific tenogenic genes as collagen I, decorin, and biglycan,
proving its potential as system for tendon/ligament TE. In another study, a silk knitted
structure was combined with a collagen sponge to fabricate ACL replacements. /nn vivo
results in a rabbit model showed collagen fibers formation, neovascularization and

expression of specific tenogenic markers of stem/progenitor cells deposited on the construct
[135]

Even though the mechanical properties of basic knitted scaffolds seemed to be promising,
the high porosity of this structure causes inadequate tissue ingrowth which restricts their use
for tendon and ligament replacement [78].

3.4. Braided fibrous structures

The braiding textile technology creates an intertwined fibrous structure composed of three or
more fibers, which diagonally interlace and overlap in a regular arrangement. The result is a
3D fiber-based construct with a braided morphological structure (Figure 3C), which can
support high axial loads and provide extension and shear resistance. It possesses similar
tendon/ligament stress-strain characteristics, as well as good resistance against abrasion,
fatigue and catastrophic failure [39]. By optimizing the braiding angle, it is possible to
fabricate structures with controlled geometry, pore diameter, porosity, yarn density, and
mechanical properties [140.1411, The oldest braided fibrous devices were applied in the 1980s
and were made of synthetic non-degradable polymers such as polypropylene (PP) (e.g.
Ligament Augmentation Device) and Gore-Tex ligament. Kennedy introduced the concept
of a cylindrical diamond-braided graft made of PP: Ligament Augmentation Device (LAD)
(3M, St. Paul, Minn., USA). It consists of 9 tows (or strands) of high-tenacity (8gm/denier)
PP yarn (180 fibers each) braided into a flat 6mm construct [242]. Normally, LAD was
implanted in association with biological grafts, like the patella tendon, to enhance knee
stability. The LAD has the function to protect the biological graft from rapid degeneration
and loss of strength [18]. LAD has also the capability to share forces with the biological
graft, allowing it to bear a portion of the load, as well as to prevent potential long-term
fatigue failure and laxity. The device could carry 28-45% of the load applied on the graft
depending on the type of tendon/ligament [143]. McPherson et a/. evaluated the host body
response to Kennedy LAD after 12 months from the implantation, showing a significant
collagen deposition within the yarns with oriented collagen fibers in the longitudinal
direction 2 years after implantation. Moreover, they showed that the augmented anterior
cruciate ligament reconstruction was stronger after 2 years and just a limited local
inflammatory response and a low immunogenic response were reported (1441, Kdolsky et a/.
investigated the clinical long-term outcomes in terms of laxity of LAD implantation,
examining the functionality and stability of the graft after 5 years from the implantation.
They found that 97% of the patients had a standard knee laxity. Within this group, 75% of
the cases resulted in excellent recovery and patients could practice normal sport activities.
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On the other hand, 3% of the devices failed, mostly because of the long-term fatigue
phenomena. However, it has been reported that LAD, as a foreign synthetic device, might
provoke inflammatory reactions, infections, synovitis or eosinophilic, lymphocytic and
plasma cell response in the host body, delaying the regeneration of the neo-tissue. After 12
months from the surgery, the histological evaluation of the graft showed the presence of
giant cells and macrophages in the site where LAD was implanted [1441. Additionally,
histological analysis showed that 25% of the patients suffered from chronic inflammation of
synovium [145],

Another braided non-degradable synthetic device is the Gore-Tex ligament (W.L.Gore and
Co., Flagstaff, Ariz.). It is a low-density braided poly(tetrafluoroethylene) (PTFE) structure
composed of three multifilament beams [146], The first PTFE scaffold for ligament
replacement was inserted in 1982 to rapidly mobilize the knee, aiming to permanently
substitute the injured tissue [147]. Roolker et al. reported clinical outcomes of Gore-Tex
prosthesis after 5 years of implantation showing that PTFE devices led in 40% of the cases
to better knee stability without pain. However, X-ray images indicated degenerative changes
in 81% of the patients [115]. In another study, Ahlfeld er a/. showed that the device improved
knee stability in 87% of the patients, decreasing the pivot shifting. Pain decreased in 67% of
the cases, but only 30% of the patients had total pain alleviation. Moreover, in 70% of the
cases chondromalacia or articular cartilage defects occurred, while 10% of the patients were
not capable to perform normal daily activities [148]. Dahlstedt er a/. examined and compared
the Gore-Tex graft and the Kennedy LAD, reporting the outcomes after 36 months from the
implantation. The LAD group showed better results than the Gore-Tex group, which was
affected from higher effusion and pain level. However, in both cases, the histology
demonstrated the presence of giant cells and microscopic foreign particles, while no
significant difference in terms of compliance was registered [116]. Nowadays, these braided
non-degradable synthetic fibrous devices are not considered optimal for the replacement of
tendons and ligaments, due to the inflammatory reaction, synovitis, and long-term fatigue
phenomena they provoke. For these reasons, their clinical use has been limited, creating the
need for a new generation of braided scaffolds which are made of degradable polymers such
as PGA, PLGA, PCL, and PLA. The studies showed interesting results in terms of cell
attachment, infiltration, and ECM production [14%-1511 |n another study, Yu et al.
investigated the effect of air plasma treatment and fibronectin adsorption on PLLA braided
constructs, revealing enhanced adhesion and proliferation of mesenchymal stem cells seeded
on treated matrices [152], Pagan et al. proposed a braided fibrous structure made of natural-
derived materials (i.e. silkworm gut), showing great biocompatibility /n vitro as well as
sufficient mechanical properties for tendon and ligaments applications [2531. Cooper et a/.
examined the influence of different geometry on braid-twisted scaffold properties, showing
that circular braided geometry had significantly higher maximum tensile load compared to
the rectangular shape [1411. Additionally, Costa-Almeida et a/. utilized the branding
fabrication method for producing load-bearing hydrogel-based composite fibers made of
braided suture threads coated with cell-laden hydrogel for tendon regeneration (Figure 5A)
[102] The hydrogel component was loaded with human tendon-derived cells which migrated
through the hydrogel structure and aligned on the suture thread. Authors reported a higher
expression of tendon specific markers such as scleraxis and tenascin C, as well as matrix
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remodeling related genes (i.e. matrix metalloproteinase-1 and —2). Fluorescence images
show that the encapsulated cells produced a collagen-rich matrix, proving the potential of
the system as scaffolds for tendon TE (Figure 5B). Moreover, the effect of braiding pattern
on the mechanical properties of the constructs was investigated, concluding the 1x1 biaxial
structure ensures the higher tensile modulus (Figure 5C).

Braided constructs made of degradable polymers are considered potential candidates for
tendon and ligament TE due to their capability of matching the mechanical behavior of
native tissues, while acting as an efficient cell vehicle. However, these structures can assess
3D cell encapsulation just if coated with hydrogel materials, and cannot properly
recapitulate the tendon and ligament anisotropic features.

3.5. Braid-twisted fibrous structures

The combination of branding technology with fiber twisting results in braid-twisted
constructs (Figure 3D). More specifically, this technique provides the twisting (e.g.
clockwise or counterclockwise twisted) of the fibers which are subsequently subjected to the
braiding process. Considering the large number of fiber bundles which compose tendons and
ligaments, some research groups developed braid-twisted scaffolds to properly mimic the
physiological hierarchical organization and the biomechanical properties of the tissues. The
introduction of twisted fibers led to a significant improvement of the ultimate strain, ultimate
tensile strength, and a wider toe region. Moreover, braid-twisted structures have higher
porosity and quantity of pores, as well as better abrasion resistance compared to braided
constructs [139.154], The braid-twisted scaffolds are fabricated using synthetic biopolymers,
like polyesters, as well as natural polymers (e.qg. silk fibroin) to support cells’ attachment,
growth, and proliferation 861551 Altman er a/. were the first to design and produce twisted
fibrous matrices for tendon and ligament regeneration. They developed a structure consisting
of 6 silk fibroin parallel twisted cords made of fiber bundled strands. Even though the silk-
fiber matrix was 80% less stiff compared to the parallel fibroin fiber structure, in vivo
studies demonstrated that it was able to stabilize the injured joint [86]. To better reproduce
the viscoelastic properties of the tendon/ligament tissues, Freeman et a/. investigated the
addition of 10% poly(ethylene glycol) diacrylate (PEGDA) hydrogel in PLLA braid-twisted
scaffolds [139]. The incorporation of the hydrogel resulted in a decrease of pore sizes and
porosity and in a loss of ultimate tensile stress values. However, they demonstrate that
PEGDA/PLLA twist-braided scaffolds maintained the typical stress-strain behavior and
matched the viscoelasticity of the native tissue in a better manner [139.156], The effect of
braiding and twisting angle was further investigated by evaluating the ultimate tensile
strength and toe region length. Authors concluded that scaffolds made of 4 braids with 60°
twisted fibers and 72° twisted fiber bundles are the most suitable for tendon and ligament
engineering purposes [1541. Mengsteab et al. evaluated the /in vivo response in terms of
osteointegration of PLLA braid-twisted scaffold in an ACL reconstruction rabbit model.
BMP-2 was injected in the bone tunnel through a saline solution in order to enhance
osteogenesis. Results revealed osteointegration (as demonstrated by the presence of
Sharpey’s fibers), reduced bone tunnel cross-sectional area and formation of fibrocartilage,
showing that the system is a potential candidate for ligament tissue engineering (1571,
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The new generation of braid-twisted scaffolds shows good abrasion resistance and sufficient
mechanical properties, as well as great porosity and larger number of pores, which promotes
cell infiltration, proliferation, and tissue ingrowth. However, these constructs do not assist
3D cell loading and oriented distribution.

3.6. Electrospun nanofibrous meshes

Since the early 2000s, the electrospinning technique has been considered for biomedical
applications. It soon became an interesting approach for the development and production of
scaffolds for TE purposes [158-160] The method permits the fabrication of very thin fibers
when a polymer solution is flowing through a needle onto a collecting plate under electric
field conditions [1611. Scaffolds made of nanofibers possess important advantages compared
to differently fabricated scaffolds, including high surface area to volume ratio, small pore
dimension, and large porosity. Studies have reported that electrospun nanofibers can
reproduce the tissue ECM and offer a sufficient biomimetic environment for cell adhesion,
growth, and differentiation, favoring a better tissue regeneration [158.162-164]
Electrospinning parameters such as polymer concentration to be dissolved in the solvent
solution, flow rate, voltage, working distance or ambience conditions can be manipulated to
control fiber diameter, porosity, and mechanical strength of the electrospun scaffold. It has
been demonstrated that nanofibrous constructs have greater mechanical properties than bulk

polymer material and enhance cell proliferation, metabolic activity, and matrix expression
[165,166]

Fibrous scaffolds made through electrospinning show fiber diameters ranging from a few
microns to less than 100 nm, aiming to reproduce ECM structures, like collagen fibrils
which size ranges from 20 nm to 40 mm Jn vivo (1671, Considering those advantages,
electrospun nanofibers have been explored for the fabrication of constructs for engineering
of musculoskeletal tissues, including bones, cartilage, tendons, and ligaments [168-171]1 The
introduction of biomaterials might accelerate new tissue formation and, thanks to their
biodegradability, a second surgery for removing the construct will be prevented. Synthetic
polymers are normally used to fabricate scaffolds for tendon and ligament regeneration via
electrospinning technique. Many studies proved their biocompatibility, testing the fibroblast
adhesion, proliferation and infiltration on PCL [158.172] p_A [80] pLcL [173] pLGA [174]
PDO [173] and PU [41] surfaces.

Nanofiber organization and alignment can be controlled during the fabrication process, in
order to tailor appropriate scaffolds. Normally electrospun fibers are collected on a steady
collector to obtain randomly oriented nanofibers, which have isotropic mechanical
properties. However, for applications which require anisotropic mechanical properties,
aligned fibers were collected on a rapidly rotating mandrel [173]. The scaffolds composed of
random nanofibers possess isotropic mechanical features which are considered convenient
for the engineering of isotropic tissues or drug delivery systems. Nevertheless, because the
mechanical function of tendon and ligaments is highly influenced by the collagen fiber
anisotropic orientation, aligned nanofibrous scaffolds appear to be more appropriate in this
case [1741, Several studies demonstrated that the scaffold fiber organization could modulate
the cellular response and regulate the scaffold properties. It has been shown that aligned
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fibers guide the cells into a preferential, longitudinal orientation, which mimics the parallel
arrangement of the cells in the native tissue [47]. The cells are led to attach along the
nanofibers long axis, allowing better cell alignment, distribution, differentiation, and matrix
deposition compared to the cells cultured on the random fiber structures, which are typically
polygonal and randomly oriented [176:177], This is also due to the great porosity (higher than
80%) and high permeability of the structures, which affects the nutrient distribution,
favoring the cell proliferation and tissue growth (Figure 6A-B). Sean et al. demonstrated
through nuclei staining that the number of attached cells on scaffolds made of PLGA aligned
nanofibers was significantly higher compared to random fibrous structures [461. Additionally,
numerous studies reported that aligned scaffolds significantly improve the tensile
mechanical properties compared to random structures (Figure 6C) [176]. PLGA aligned
scaffolds have tensile Young modulus that is 318% and tensile strength that is 324% higher
compared to randomly arranged ones [174]. PCL and PLCL aligned scaffolds showed the
same behavior, having 214% and 400% higher tensile Young modulus and 189% and 300%
higher tensile strength, respectively [4547:173] However, the produced electrospun scaffolds
appear to be significantly weaker, when compared to the tendon/ligament native tissues.

In order to establish a stiffer alternative, Shang et a/. proposed a new method to obtain
thicker electrospun aligned nanofibrous scaffolds which are normally very thin and have
relatively weak mechanical properties. The scaffolds were obtained using an improved
electrospinning fabrication method with a grounded water bath which allows for the
fabrication of about 200 pum aligned nanofibrous scaffolds. A significant increase in
mechanical properties and structural stability of the constructs were reported [178], Following
the same purpose, other studies reported the fabrication of 3D electrospun yarn bundles and
nanoyarn-reinforced scaffolds [47:69.73.173] There devices showed higher tensile mechanical
properties and were significantly stronger and stiffer than two-dimensional structures. Due
to larger pores and greater porosity, the 3D scaffolds favor cell adhesion and migration,
providing higher cell proliferation and infiltration (of approximately 500 um [173]),
Furthermore, Erisken et al. and El Khatib et a/. investigated the effect of the scaffold’s
structural properties, such as the fiber diameter, on cell response 7 vitro 791791, The
influence, regulation, and material-cell interactions were investigated evaluating the
modulation on cell behavior on different scaffolds, which have fibers with diameters of
320nm, 680nm, and 1.80um. It was reported that the scaffolds with fiber diameter of 320nm
show the highest cell adhesion, as well as collagen and glycosaminoglycans (GAGSs)
expression, resulting in a better ECM production. On the other hand, the scaffolds with fiber
diameter of 680nm promote the expression of collagen I, 111, V, and tenomodulin
(phenotypic markers of tendon fibroblasts), favoring cells to preserve their phenotype. Based
on the obtained data, the authors underlined the importance and difficulty of selecting the
best fiber diameter for the fabrication of scaffolds for tendon/ligament regeneration [7].

The architecture and structure of electrospun scaffolds allow the incorporation of natural
components into the synthetic system to improve its biological responses and tissue healing
[73.72] In order to enhance the biocompatibility of synthetic scaffolds, the components of the
ECM, e.g. collagen, can be added [68.180], Even though collagen has high biocompatibility,
its low mechanical properties have suggested that it should be combined with synthetic
polymers, which have superior mechanical behavior. The co-spinning of synthetic materials
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with matrix proteins was considered by Sean ef al., who electrospun a solution of collagen |
with PLGA and PU producing a 3D scaffold. It has been demonstrated that the addition of
collagen into the polymeric structure enhanced cell response, while did not significantly
decrease the mechanical properties of the scaffold. They concluded that collagen might
blend with other synthetic polymers to fabricate scaffolds with sufficient mechanical and
biological properties for the required applications [46]. Due to the similar composition and
chemical structure of collagen, silk fibroin derived materials were also investigated.
Advantages such as good biocompatibility, biodegradability, no immunological activity, and
high mechanical properties made this natural polymer an excellent candidate for the
fabrication of tendon and ligament scaffolds (1811, Jin et a/. investigated electrospun silk
fibroin-based fibrous scaffold, showing that silk electrospun mat has sufficient mechanical
properties and that its surface encourages human bone marrow stromal cells adhesion,
migration and proliferation over 14 days [182]. Electrospun composite scaffolds have also
been investigated to enhance the polymeric matrix’s response [43.1771. A study performed by
Rinoldi et al. reported that the incorporation of silica nanoparticles into a bead-on-string
fibrous structure could improve the wettability of the surface, favoring cell spreading and
proliferation (Figure 7A-C) [165],

In order to modulate the cellular behavior and tissue growth, approaches such as seeding of
stem cells on the scaffold surface [176] or the encapsulation of growth factors into the
synthetic fibers, were developed [6.67.183] bFGFs are generally selected as representative
growth factors that influence and enhance the tendon/ligament repair and healing, cellular
differentiation, spreading, proliferation, and ECM production. Considering the mentioned
growth factors’ advantages, Liu ef a/. incorporated bFGFs into dextran glassy nanoparticles
and electrospun PLLA-dextran composite fibers (Figure 8A). The loaded growth factors
were maintaining their bioactivity for 30 days, releasing about 48.71 +/- 13.53% and
enhancing fibroblastic viability (Figure 8B), collagenase production, capillary endothelial
cell proliferation and tissue regeneration [56]. However, the incorporation of particles into the
polymeric fibers may lead to a decrease in mechanical properties, due to the introduction of
discontinuity, inhomogeneities, and defects in the fiber architecture (Figure 7C, 8C). In
another study, Zhao et a/. tested bFGF-loaded PLGA electrospun fibrous membranes with a
core-shell structure. It has been shown that bFGF-PLGA scaffold enhances collagen
organization and fibrocartilage formation. Moreover, the system showed higher mechanical
properties such as ultimate load-to-failure and stiffness when compared to PLGA scaffolds.
The results demonstrated that bFGF bioactivity was preserved for 21 days, accelerating
significantly tissue healing and remodeling (621,

Additionally, electrospun nanofibers have been successfully applied as tendon biomimetic
sheath or physical barrier, to prevent adhesion of surrounded tissues [66]. The local release of
bioactive agents loaded into the membranes can further improve the anti-adhesion effect and
enhance tendon repair, as deeply described by Alimohammadi et al.

Overall, electrospun nanofibrous meshes have the great advantage of possessing nano/micro-
size diameter of the fibers, large porosity, and very high surface area to volume ratio. The
nanofibrous structure is a promising alternative to produce a scaffold for tendon and
ligament regeneration, providing an adequate micro-environment for bio-signaling,
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supporting sufficient cell attachment and proliferation, as well as avoiding the adhesion of
surrounded tissues. However, poor cell infiltration and lack of cell biding sites have still
been considered the main limitations of those systems.

3.7. Wet-spun fibrous constructs

The wet-spinning technique provides a polymer solution flowing through a syringe into a
liquid crosslinking bath, resulting in fiber formation. This technique can be utilized for the
fabrication of randomly oriented fibers as well as parallel aligned fibrous systems [184.185] A
wide range of materials can be processed using the wet-spinning method, including natural-
derived polymers [186] as well as native ECM components (1871, The possibility of
fabricating cell-laden highly biocompatible fibrous constructs is most probably the greatest
advantage of this technique which avoids the use of toxic solvent during the spinning
process.

Nowotny et al. applied the wet spinning technique to fabricate chitosan fibrous scaffolds for
tendon regeneration [188]. Data revealed that aligned architecture of the yarns significantly
influences human MSCs attachment and orientation in the direction of the fiber axis. The
results are supported by a study of Rinoldi et a/. who biofabricated aligned hydrogel yarns
loaded with MSCs via wet-spinning method, collecting the fibers on a rotating drum to form
a fibrous hydrogel bundle for tendon TE (Figure 9A-C). The highly aligned orientation of
human bone marrow MSCs on the fiber axis direction was observed (Figure 9B) [187],
Moreover, authors investigated the influence of the mechanical static stretching and BMP-12
treatment on MSCs cultured within the constructs, showing an enhancement of specific
tenogenic matrix proteins expression.

In another study, Funakoshi et a/. applied the wet spinning technique to fabricate chitosan-
based hyaluronan hybrid polymer fibrous scaffolds for ligament regeneration (Figure 10A).
The results revealed that hyaluronan presence significantly enhanced the mechanical
properties of the construct as well as fibroblasts adhesion, proliferation, and collagen |
production (Figure 10B) 1891, However, even though it is shown that the cells produced
ECM proteins onto this kind of scaffolds, the mechanical properties of these constructs
decrease during the culture time, probably due to material degradation phenomena or
because of the additional matrix remodelling effect exerted by the cells (Figure 9C, 10C).
Fibers fabricated via wet-spinning technique have a direct relation between yarns dimension
and ultimate stress values [188]: however, do not always show sufficient mechanical
characteristics to match tendon/ligament performance [186], For this reason, wet-spun fibers
have been often braided (Figure 11A), in order to form constructs with mechanical
properties comparable to the native tissues. /n vitrotest showed collagen I and 111 deposition
on chitosan-hyaluronan wet-spun scaffolds (Figure 11B), while /n vivo implantation in a rat
model resulted in low toxicity and inflammation response, mechanically stabilizing the joint
during the healing process (Figure 11C) [190],

Even though the wet-spinning technique has the ability of processing natural-derived
materials, allowing the possibility of encapsulating cells and directing their organization, the
mechanical properties of the wet-spun constructs are still considered insufficient for tendon
applications.
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3.8. Multi-layered scaffolds

Lately, multilayered approaches have gained attention as novel methods for scaffold design
[191.192] Different layer-by-layer techniques such as simultaneous wet electrospinning and
cell-seeding, alternating layers of nanofibers and microfibers, varying polymers, or
arranging electrospun layers coated with hydrogels have been developed [193-195] Systems
combining electrospun fibrous mats with woven/knitted constructs in multi-layered scaffolds
have been recently explored for tendon and ligament engineering [78:138.196.197] Rashid et
al. developed a system composed of an inner layer of aligned electrospun PCL fibers and
two outer layers of i) PDO woven structure and ii) electrospun PDO fibrous meshes. /n vivo
testing in a sheep model showed infiltration of cells (mostly tendon fibroblasts) and the
development of blood vessels onto the electrospun layer. Non-excessive inflammatory
reaction nor adhesion of surrounded tissue were reported [196]. On the other hand, knitted
silk constructs were coated with PU/collagen electrospun matrix in order to improve the
biological response of the knitted structure [198],

Recently, the electrospinning technique has also been combined with 3D printing
technology, creating fibrous meshes layered with printed structures [7®1. In this frame, Touré
et al. directly electrospun PCL/PGS nanofibers onto 3D printed PCL/PGS construct loaded
with bioactive glasses for tendon/ligament applications. Results revealed that the presence of
bioactive glasses improved the biocompatibility /n vitro, while sufficient mechanical
properties (i.e. Young Modulus) were reported [76],

Additionally, layer-by-layer scaffolds, where electrospun, knitted or braided structures are
layered with hydrogels, are also considered promising alternatives for reproducing the native
characteristic of tendon/ligament tissues [90:102,139,199,200] ' 7hag et al. fabricated a multi-
layered system made of fibrin gel loaded with bFGF and MSCs sheet sandwiched between
two PLGA knitted structures. The scaffold implanted in a rat model revealed sufficient
biomechanical properties and expression of tenogenic markers by incorporated MSCs,
promoting tissue repair and regeneration [2011, Jayasree et al. proposed a braided scaffold
made of PCL/collagen/bFBF layered with alginate hydrogel and subjected to dynamic
mechanical stretching into a bioreactor system. Results revealed tenocyte viability, growth
and expression of tenogenic markers /n vitro, while oriented collagen formation was
observed in a rabbit model /7 vivo 2921, On the other hand, Chainani et a/. fabricated a
multi-layered electrospun PCL scaffold coated by tendon-derived matrix (TDM), and
evaluated the biological response of human adipose-derived stem cells (hASCs). They
investigated the effect of the TDM layer, demonstrating high cell infiltration and collagen
production by histological and immunofluorescence analysis, respectively. Moreover, the
maintenance of mechanical properties during the culture time was also reported, showing the
stability of this kind of construct [193]. The results are supported by a study of Yan et al,
who showed homogeneous cell distribution and penetration on multi-layered PCL/
methacrylated gelatin (Figure 12A,B) [9%1. Moreover, the maintenance of mechanical
properties during the culture time was also demonstrated (Figure 12C) [99]. The novel multi-
layered scaffolds also have the ability to simultaneously load and deliver cells and growth
factors, preserving their viability and bioactivity, respectively. Manning ef al. designed a
multi-layered scaffold consisting of interchanging layers of heparin/fibrin-based hydrogels

Adv Healthc Mater. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rinoldi et al.

Page 18

and PLGA electrospun nanofibers. Additionally, authors encapsulated platelet-derived
growth factor BB (PDGF-BB) and ASCs into the hydrogel delivery system. /n vitroand in
vivo studies showed the homogeneous distribution of cells into the hydrogel structure, their
viability, and the continuous release of growth factors [203]. In another study, authors
proposed a twisted PLLA electrospun fibrous bundle surrounded by thin PLLA electrospun
layer coated with chitosan hydrogel to recapitulate the native tendon ECM. Results showed
good biocompatibility in terms of attachment and growth of tenocytes seeded onto the
scaffold. Moreover, a low protein absorption was detected, revealing the scaffold potential
for preventing adhesion of surrounded tissues /7 vivo [74]. Rinoldi et a/. proposed 3D multi-
layered composite scaffolds composed of synthetic electrospun nanofibers coated with
layers of hydrogel loaded with MSCs (Figure 13A) [204]. The electrospun matrix was made
of PCL and polyamide 6 (PA6) and it was proven to provide the mechanical properties and
bear the whole construct. On the other hand, the hydrogel layers were composed of gelatin
methacryloyl (GelMA) and alginate and mimic a micro-environment suitable for cell
encapsulation and growth (Figure 13B,C). Constructs were mounted and cultured into a
custom-built bioreactor, where mechanical and biochemical stimulation was applied. The
addition of BMP-12 was optimized in terms of concentration, to promote the tenogenic
differentiation of MSCs. /n vitro results showed the positive effect of the combined stimuli
in terms of proliferation, alignment (Figure 13B), as well as tenogenic differentiation of
MSCs [204],

Multi-layered scaffolds appear the most promising candidates for tendon TE due to the great
advantage of combining the beneficial properties of each layer in the final engineered
system. This approach synergizes the properties of different source-materials, morphologies,
and fabrication technologies resulting in composite structures which can potentially make
the most in terms of biological response as well as mechanical and structural properties.
Moreover, the possibility of loading and releasing bioactive molecules is also enabled.

4. Fiber-based scaffolds for tissue interfaces

Engineering of tissue interfaces has always been considered a great challenge. The main
difficulty in this field is the design of gradient scaffolds with zonal structure, architectures,
compositions, and mechanical properties. However, this aspect is crucial to develop systems
which can guarantee the physiological biofunctionality of the tissue [205],

Herein, fiber-based scaffolding approaches for engineering tendon/ligament-bone and
tendon-muscle interfaces are described and discussed.

4.1. Constructs for tendon/ligament-to-bone engineering

The main requirement for engineering tendon/ligament-bone junction is developing a single
scaffold with gradient mineralized and non-mineralized regions, various collagen interlacing
and hard-to-soft mechanical characteristics. More specifically, three different tissue regions

should be designed: tendon/ligament, fibrocartilage interface and bone. [206]

In case of injuries, due to the poor regeneration properties of the tissue, a lack of gradient
characteristics occurs at the interface, where mainly unorganized scar tissue is formed. This
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phenomenon can create a considerable properties mismatch between tendon/ligament and
bone regions, often leading to re-failure. [208]

In literature, scaffolds for tendon/ligament-to-bone engineering are commonly designed
combining various phases (e.g. biphasic, triphasic) or continuous gradients. Several fiber-
based platforms have been developed for this application, including knitted, braided,
electrospun and multi-layered systems [206-208] | this frame, the knitting technology was
applied to fabricate a silk construct, further combined with aligned collagen fibers. The
authors presented bone marrow stem cells adhesion and osteogenic differentiation /in vitro,
while adequate biomechanical properties were detected i vivo [208]. On the other hand, the
braiding technique was used to produce triphasic braided scaffolds made of PLA. The
different braided regions showed zonal mechanical characteristics, recapitulating the tissue
junction properties [206],

Electrospinning of scaffolds composed of synthetic (e.g. PCL, PLGA), naturally-based (e.g
collagen, silk) and composite (e.g PLGA/hydroxyapatite) biomaterials have also been
reported for engineering of tendon/ligament- bone interface [207.209.210] The multiple-
phased scaffolds have been obtained by varying the orientation, architecture and distribution
of electrospun fibers in district regions [211], Electrospinning of aligned-to-random fibrous
constructs was implemented in order to reproduce the collagen fiber distribution and
orientation in tendon-to-bone junction [212]. Cells seeded on the biphasic construct reported
zonal morphological differences, showing oriented vs unorganized cell distribution in
aligned and random fibrous regions, respectively [212213] Electrospun constructs loaded
with growth factors have also been proposed by Reifenrath et a/. [214]. Gradient profiles in
terms of growth factor and mineral distribution were additionally achieved on aligned-to-
random scaffolds by Chen and co-workers. The development of a BMP-2 and
nanohydroxyapatite (nanoHA) graded electrospun matrix resulted in a gradient
differentiation of bone marrow stem cells cultured onto the constructs. Consistently, higher
expression of osteogenic markers was detected in areas with higher content of BMP-2/
nanoHA [215], Similarly, Jiang et a/. fabricated mineral graded silk scaffolds, showing
gradient characteristics in terms of mechanical properties and stem cells differentiation [216],

Additionally, multi-layered systems have been proposed for tendon/ligament-to-bone
applications, including electrospun meshes combined with woven structures and films
[217.218] 7hang et a/. produced a PCL electrospun mat loaded with BMP-7 and rolled on a
PET woven construct, resulting in a degradable-nondegradable hybrid structures. The
scaffolds showed good biocompatibility, sufficient mechanical properties /n vivo and
induced osteogenesis [217]. Constructs formed from different electrospun layers have also
been developed for tendon-bone interface [2191. L et a/. designed a dual-layered electrospun
matrix made of PLLA and PLLA/nanoHA composite [220]: while Cai et a/. obtained a dual-
layered silk/PLCL fibrous scaffold by depositing random fibers on previously spun aligned
fibers [219]. Results showed oriented collagen formation and tissue regeneration.

Distinctive signs of progress have been recently reported on the development of fiber-based
scaffolds for tendon/ligament-bone interface. However, issues related to loading and delivery
of cells in vivo as well as mismatching of mineral gradient distribution remain still unsolved.
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4.2. Systems for tendon-muscle junction

The design of the tendon-muscle interface requires great efforts due to the significant
difference in properties between the two tissues. Indeed, muscles are mainly composed of
cells, while ECM is the primary tendon component. This results in a mismatch of tissue
vascularization and consequent metabolic demand. Mechanical properties are also distinct:
tendons have higher mechanical characteristics in terms of stiffness, while muscles are
compliant and more elastic [221], The tissue interface involves three components: tendon,
myotendinous junction (MTJ) and muscle [222],

When the interface is damaged or injured, restoring the gradient architecture of the
myotendinous junction is crucial to guarantee the transferring of loads from muscle to
tendon and to ensure the proper tissue functionalities.

Zonal changes related to extracellular matrix, cell component and mechanical features
should be considered while engineering MTJs [223], Fiber-based scaffolding systems for this
application have not been widely explored, and just a few studies are published on this topic
[224] |_add er a/. fabricate synthetic electrospun matrices made of PCL and PLLA-collagen
for MTJ applications. The authors simultaneously spun the two electrospinning solutions
obtaining a three-region platform. The biocompatibility along with adhesion of myoblasts
and fibroblasts seeded on the construct was demonstrated, while the formation of myotubes
was observed [224]. Additionally, different mechanical profiles were detected, successfully
mimicking the MTJ trend characteristics.

Up to date, not many fiber-based studies are focused on MTJ applications; however, it is
expected that the field of fibrous systems for this application will exponentially grow in the
near future.

5. Concluding remarks and future directions

The highly organized hierarchical fibrous structure of tendons and ligaments is designed to
carry loads and to supply the biomechanical functions, such as sustaining, bearing, and
reinforcing the joints. The production of fiber-based scaffolds composed of biomaterials
derived from biological or synthetic sources is considered a great approach to reproduce the
collagen fibrous orientation and to promote the repair and regeneration of tendon and
ligament tissues. In this review strand fiber, woven, knitted, braided, and braid-twisted
fibrous structures, as well as wet- and electro-spun fibrous scaffolds were described and
discussed. Although strand, woven, and braided fibrous scaffolds provided immediate
stability after the implantation as well as collagen deposition, they caused inflammatory
reaction, synovitis, and long-term fatigue phenomena, limiting their clinical use. In order to
overcome these disadvantages, a new generation of braid-twisted scaffolds was developed.
Their good abrasion resistance and adequate mechanical properties as well as their great
porosity which promotes cell infiltration, proliferation, and tissue infiltration, make the
braid-twisted structures a promising candidate for tendon and ligament regeneration
purposes. Nevertheless, the electrospinning method allows the control of fiber diameter,
porosity, and mechanical properties to reproduce the natural physiology of the tissues.
However, the small pore size of the nanofibrous constructs might not permit an optimal cell
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infiltration and tissue ingrowth. On the other hand, the wet-spinning approach allowed the
fabrication of 3D cell-laden structures, providing fibrous systems which can mimic the ECM
features. Even though wet-spun aligned fibrous systems might guide cell orientation, the
mechanical properties of those natural hydrogel-based scaffolds often do not match the
mechanical properties of tendons/ligaments. For these reasons, the combination of different
techniques is considered crucial to produce scaffolds which can recapitulate the native tissue
properties and promote tissue regeneration. Thus, multi-layered systems, where each
compartment can be independently produced and tailored, have emerged as the most
effective alternatives for tendon and ligament TE. Potentially, these constructs might
combine the advantages of different platforms produced with distinct techniques, combining
synthetic and natural polymers, and simultaneously providing mechanical support and
biocompatible microenvironments (Table 2).

3D multi-layered scaffolds may soon be used for the treatment of tendon injuries. This
approach can create gradient multi-layered scaffolds that can potentially regenerate tissue
interfaces and eventually favor the integration of the developed systems as well as functional
recovery. Most probably, fabrication methods and strategies for obtaining more compact and
stable multi-layered scaffolds will be developed in the near future, to minimize delamination
phenomena which may occur between layers, resulting in the failure of the implants.
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Figure 1.

Physiology and mechanical characteristics of tendon and ligament tissue. A) Tendon
hierarchical structures. Reproduced with permission [®1. Copyright 2015, Elsevier Inc.
B) Ligament hierarchical structure. Reproduced with permission [¢]. Copyright 2010,
Elsevier Ltd.
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Figure 2.

Mechanical characteristics of tendon and ligament tissue. A) Representative stress-strain
curve of tendon subjected to mechanical tensile test. Reproduced with permission [8].
Copyright 2005, Elsevier Ltd. B) Representative stress-strain curve of ligament tissue failed
in tension. Reproduced with permission [°]. Copyright 1978, The American College of

Sports Medicine.

Adv Healthc Mater. Author manuscript; available in PMC 2022 April 01.

1 Strain (%
10 (%)



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Rinoldi et al. Page 32

N
l
ates
4

2

Direction <
| 11— N-0-0
A 2 81 8 ‘

Figure 3.
Schematic illustration of fiber textile-based technologies and resulted 3D fibrous

architectures: A) weaving; B) knitting; C) braiding; D) braid-twisting. Partially based on
[97]1,
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Figure 4.
Morphological, biological, and mechanical properties of knitted fibrous structures: PLCL

knitted scaffold coated by aligned electrospun microfibers. A) SEM images of scaffold
structure; B) Collagen type | and 111 immunostaining after 14 days of culture; C) Stress-
Strain curves of constructs coated and uncoated by aligned microfibers. Reproduced with
permission [78]. Copyright 2010, Wiley Periodicals, Inc.
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Figure 5.
Morphological, biological, and mechanical properties of braided fibrous structures: Suture

threads coated with cell-laden hydrogel. A) SEM images of coated and uncoated threads; B)
Collagen type I1l and I deposition; C) Tensile stress-strain curves of differently braided
constructs. Reproduced with permission [202]. Copyright 2017, John Wiley & Sons, Ltd.
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Figure 6.
Morphological, biological, and mechanical properties of synthetic electrospun nanofibrous

scaffolds: influence of fiber orientation (aligned vs. random). A) SEM images; B)
Morphology of mesenchymal stem cells seeded on the scaffolds’ surface: SEM images; C)
Stress-strain catachrestic curves and derived tensile strength and Young’s modulus values.
Reproduced with permission [176], Copyright 2015, Elsevier Ltd.
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Figure 7.
Morphological, biological, and mechanical properties of bead-on-string composite

electrospun nanofibrous scaffolds: incorporation of silica nanoparticles into a polymeric
matrix. A) SEM and AFM images, B) Spreading of L929 cells seeded onto PCL and silica
composite mat (PCPAS): SEM and acting staining images; C) Representative stress-strain
curves of synthetic (PC, PCPA) vs. composite structures (PCPAS). Reproduced with
permission [165]. Copyright 2018, The Royal Society of Chemistry.
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Figure 8.
Morphological, biological, and mechanical properties of PLLA-dextran-bFGF composite

electrospun nanofibrous scaffolds: loading of growth factors into fibrous constructs. A) SEM
images; B) Live and dead images of fibroblasts seeded on PLLA and PLLA composite
scaffolds; C) Representative stress-strain curves of synthetic vs. composite structures.
Reproduced with permission [61. Copyright 2013, Elsevier Ltd.
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Page 38

Morphological, biological, and mechanical properties of wet-spun fibrous constructs: cell-
laden highly aligned hydrogel yarns. A) SEM images of fiber bundle (left) and cross-section
(right); B) Morphology of MSCs cultured for 14 days into mechanically stimulated fibers
(actin staining); C) Representative stress-strain curves of hydrogel yarns loaded with cells
cultured in different conditions vs samples without cells, tested at day 0 (dash line) and day
14 of culture (continuous line). Reproduced with permission [187]. Copyright 2019, WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 10.
Morphological, biological, and mechanical properties of wet-spun fibrous constructs:

chitosan-hyaluronan fibrous scaffolds. A) SEM images of fibers structures; B) Light
micrograph of fibroblasts proliferated in the wet-spun structure after 14 days of culture; C)
Tensile strength of samples after different incubation times. Reproduced with permission
(1891 Copyright 2005, Wiley Periodicals, Inc.
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Figure 11.
Morphological, biological, and mechanical properties of wet-spun fibrous constructs:

chitosan-hyaluronan 3D wet-spun fibers. A) SEM images of the final construct (after
braiding); B) /n vitro collagen | and 11 deposition; C) /n vivo mechanical properties of
rabbit rotator cuff defect models treated with the proposed scaffolds (CSS: cell seeded
scaffold, NCSS: non-seeded scaffold). Reproduced with permission (1901, Copyright 2007,
SAGE Publications.
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Figure 12.

Morphological, biological, and mechanical properties of multi-layered scaffolds: PCL
electrospun aligned mat layered with methacrylated gelatin. A) Scaffold morphology:
Fluorescent and SEM images; B) Cell distribution onto the scaffold: actin staining image; C)
Anisotropic mechanical properties of the scaffold (on the left-hand side, cross vs
longitudinal direction); modulus of crosslinked (CC), not crosslinked (NC) and alternative
layers (PC) constructs during culture time (on the right-hand side). Reproduced with
permission [0, Copyright 2016, Elsevier Ltd.
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Figure 13.
Morphological, biological, and mechanical properties of multi-layered scaffolds: PCL-PA6

electrospun matrix coated by hydrogel layers formed from 10% GelMA and different
concentrations of alginate. A) SEM images of electrospun core (left) and edge of the
scaffold (right); B) Fluorescence images of cell cytoskeleton (non-stimulated vs stimulated
samples); C) Tensile and compressive moduli of the scaffolds. Reproduced with permission
(2041 Copyright 2019, American Chemical Society.
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Table 1.
Summary of selected fiber-based systems for tendon and ligaments TE.
Fant;glt(;‘]a:)t(ljon &C;g?ilgl In vitro In vivo Clinical trial ~ Stimulation Remarks Reference
Strand fibers Carbon, silk, and * MSCs: « Calve model: « Simple to -- « Restoration of o [104],
collagen, cell adhesion, milder pain and implant continuity across [105] [108]
UHMWPE viability and exudation as well as < Well the defect of the [109] [110]
growth earlier restoration of  tolerated tendon [111] [113]
« Tendon stem tendon movements « Fibers bond « Discomfort and 11141’ '
cells: and weight bearing  directly to the slight loss of
cell infiltration, « Sheep model: bone without movement of the
expression of ingrowth of fibrotic knee
tenogenic markers  fibroblastic tissue, interposition « Carbon particles
collagen deposition, Debris, appeared in the
and alignment giant cell regional lymph
« Rabbit model: presence, nodes
reduction in arthrofibrosis « Carbon particles
strength and volume were found in the
after 8 weeks synovium, hyaline
« Rat model: cartilage and
collagen formation menisci
« Comparable or
greater initial
ultimate tensile
stress than human
ACL
« Lobulation and
hypertrophy
Weaving PET, collagen I, * Pre-osteoblasts:  Rabbit model: « Laxity . « Signs of o [78] [127]
silk fibroin and cytocompatibility,  tissue around the . Mechanical ~ degenerative [119] [122]
LAP, PCL, osteogenic scaffold was highly ~ Improvement  stretching change [123] [124]
chitosan, differentiation cellular and of Lysholm * No development 11251 [128]
cellulose « Tendon-derived collagen fibrils and Tegner of functional tissue  [129)’ '
nanocrystals, cells: were deposited score * Synovial reaction 155" 1131
PLA cell elongations, « Rabbit model: « Enhancing « Unsatisfactory [132]' [133]
alignment, increase of of knee long-term results '
expression of key stiffness, collagen | stability « Sufficient (134
tenogenic markers  deposition, « Signs of mechanical
* MSCs: tenomodulin pivot shift properties
cell alignment, expression « Unimodal « Poor cell
tenogenic « Rat model: distribution of infiltration
differentiation formation of mature  collagen « Osteointegration
* MSCs/ collagen fibers, fibrils * Dynamic
tenocytesumbilical ~ promotion of bone « Cases of mechanical
vein endothelial and fibrocartilage failures and stretching improves
cells co-culture: tissue formation; ruptures collagen
expression of key enhancement of expression and
tenogenic markers  biomechanical tenogenic
properties differentiation
Knitting Hyaluronan, * MSCs:  Rabbit model: -- -  Expression of o [52] [78]
PCL, PLCL, cell proliferation, tendon-like ECM important protein [135] [136]
PLGA and silk cell elongation; expression; for scaffold [137]
fibroin expression of collagen fiber interaction and
CD44, collagen | remodelling, typical ligament

and 11, laminin,
fibronectin, and
actin; orientation
along the direction
of microfiber
alignment;
deposition of
ECM secretion
(collagen I and
111), expression of
specific tenogenic
markers

neovascularization,
expression of
tenogenic markers
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proteins

« Toe region profile
and elastic
modulus similar to
ligaments

« Sufficient
biomechanical
properties

« Tissue
regeneration and
remodelling

Neovascularization
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Far?]g't%a(}:jon I?/Ic;g?ilgl In vitro In vivo Clinical trial ~ Stimulation Remarks Reference
Braiding Gore-Tex, PP, « Fibroblasts and « Goat model: « Pain . « Deterioration o [115],
PLGA, Suture primary ACL improvement of « Increasing Mechanical ~ over time [116] [141]
threads, GeIMA cells: mechanical in stretching « Effusions and [142] [144]
and alginate, cell attachment properties; degenerative pain [14s] [247]
PGA, PLGA, and proliferation inflammatory changes » Mechanical [148]’ [102]’
PLLA, and » Tendon-derived reaction . properties [140] 149
fibronectin, cells: Improvements comparable to ' '
- A h - [150] [152]
silkworm gut cell migration and in Lysholm native tendon/ ) '
alignment on the scores, ligament (53]
fiber axis; high activity « Integration of the
expression of scores, and scaffold
specific tenogenic arthrometry * Normal joint
genes values laxity
¢ MSCs: « Operative « Production of a
cell adhesion, complication collagen-rich
growth and . matrix
tenogenic Improvement « Potential clinical
differentiation of stability efficacy (combined
« Decreasing with stem cells
of pivot shift therapies)
« Braiding angle
affects the
mechanical
properties
Braid-twisting PLLA, PEGDA « Fibroblasts: « Rabbit model: -- . « Great porosity o [139]
cell proliferation, smaller cross- Biochemical  + Mimicking the [154] [155]
deposition of sectional area, stimulation biomechanical [156] [157]
ECM Sharpey’s fiber using BMP2  response and the '
presence, formation mechanical
of fibrocartilage characteristics of
native ACL
« Osteointegration
* Resistance to
fatigue
Electrospinning  PCL, PA6 and « Fibroblasts: * Rat model: - . » Scaffold o [41] [45],
silica particles, cell spreading, cellular infiltration Biochemical implantation did [46] [47]
PEO, PLCL and proliferation, and and colonization, stimulation not have negative [56] [62]
hyaluronic acid, matrix deposition,  improvement of using effects [67] [68]
silk fibroin, aligned scaffolds glycosaminoglycans bFGFs, « Sufficient 169] [71]
PLGA, PDO, guide parallel expression and insulin, mechanical 72 73
PLLA and orientation of cells  higher of collagen BMP-13 properties for 807 [79]
dextran, collagen  and higher organization . tendon repair [
I, PLGA, PU, collagen « Rabbit model: Mechanical « Restoring (o1, 1162,
poly(trimethylene  production, no improvement on stretching biomechanical (1651, [170],
carbonate), zinc expression of ultimate stress nor strength [171] [172],
oxide, alginate, integrin Young’s modulus « Aligned fibrous [173] [174]
gelatin, chitosan, ¢ MSCs: values, architectures [175] [177],

cellulose
nanocrystals,
cellulose acetate

cells proliferation,
spreading and
infiltration,
tenogenic
differentiation,
ECM deposition

* Human primary
tendon-derived
cells:

cell attachment

reinforcement of
tissue mechanical
strength;
antiadhesion effect
« Rodent model:
treated junctions
have higher
Young’s Modulus
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showed anisotropic
and significantly
higher mechanical
characteristics
compared to
randomly oriented
fibers

« Aligned fibers
can mimic native
tendon native
architecture

« Adhesion
prevention

« Positive effect on
tendon and
ligaments healing
« Aligned cells on
the nanofiber
structure are
significantly
affected by
stretching in axial
direction

* Regulation of

78] [279]
[180] [181]
1182]' [183]
7



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Rinoldi et al. Page 45
Far?]g't%a(}:jon I?/Ic;g?ilgl In vitro In vivo Clinical trial ~ Stimulation Remarks Reference

mechanical
properties and
biological response
(e.g. cell growth,
differentiation, and
matrix deposition)
can be performed
by varying the fiber
diameter
« Deposition of
tendon-mimetic
ECM
* The fiber
orientation can
influence cell
proliferation,
differentiation, and
immunomodulation

Wet-spinning Chitosan, « Fibroblasts: « Rat model: -- . « Great biological o [187],
hyaluronan, cell adhesion and increasing of Mechanical response [188] [189]
alginate, and proliferation, mechanical stretching « Stabilization of [190]
GelMA collagen | properties and . the joint

expression collagen | Biochemical « Combination of
* MSCs: deposition stimulation biochemical and
cell proliferation using mechanical
and alignment, BMP-12 stimulation
collagen I and 111 promotes cell
production, tenogenic
specific tenogenic « Larger size of
markers yarns leads to
expression higher mechanical
properties (i.e.
values of ultimate
stress)

Multi-layering PCL, gelatin, * MSCs: « Rat model: . « Yield strain o [74] [76]
chitosan, PLLA, cell elongation in improvement of the Biochemical  enhances during [90] [176]
PEO, tendon- the direction of structural and stimulation the culture time [192] [193]
derived ECM, the fiber scaffold, ~ mechanical using TGF- < Tendon ECM [194] [195]'
fibronectin, PBS,  expression of properties of tendon B3, PDGF- used as scaffold [196] [197]
PLGA, heparin/  tenogenic injury repair, BB, material might [198] [199]
fibrin, PAG, phenotype, good immunologic BMP-12, favour the 1200 [201]
Alginate, PDO, metabolic activity, — compatibility; bFGF differentiation into v
PGS, PLGA, PU,  orientation on tenogenic gene . tenogenic lines [202], [208],
PLCL, fiber direction expression of MSCs Mechanical e Provide stable [204]
polyethylene  Tenocytes: « Canine model: stretching and integral
glycol, poly-L- adhesion, viability  cells remained constructs easy to
lysine, silk, and proliferation, viable in the tendon be handle during
collagen, ECM deposition repair environment, surgical procedures

hyaluronic acid,
bioactive glasses

* Tendon stem/
progenitor cells:
spindle-shape
morphology, cell
aligment, ECM
deposition

« Fibroblasts:
cell vialibily and
proliferation

mild
immunoresponse
« Sheep model:
No excessive
inflammation nor
tissue adhesion

« Rabbit model:
formation of
collagen large
fibrils and aligned
fibers, increase of
biomechanical
properties
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and /in vivo
implantations

« Scaffold may
release cells and
growth factors /in
vivo at the same
time

* Mechanical and
biochemical
stimulation
improve cell
growth, align
orientation, and
tenogenic
differentiation

« Adhesion
prevention

* ECM deposition
« Cell growth and
infiltration

« Vascularization
« Cell loading
enhances tissue
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Fabrication Scaffold : . L . . .
method Material In vitro In vivo Clinical trial ~ Stimulation Remarks Reference

regeneration

« Sufficient
mechanical
properties

» Tendon healing
» Chemotaxis
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Table 2.

Summary of advantages and disadvantages of fiber-based scaffolds.

Page 47

Fiberaasedsafod Degradaiity \pehrenl  PobAbetel ColnFaton preenne
Strand fibers +/- + - + +
Woven fibers - + - + +
Knitted fibers + + - + +
Braided fibers +/- + + + +
Braid-twisted fibers + + - + _
Electrospun fibers + + - + _
Wet-spun fibers + - + + -
Multi-layered fibers + + + + -
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