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Abstract

Tendinopathy encompasses one of the most common and debilitating group
of injuries in persons of all age. Current treatments range from rest and ice to
more invasive mechanisms such as surgical repair or artificial tendon recreation.
In recent years, there has been a push to study minimally invasive treatments to
aid in the regeneration and repair of damaged tendons. These treatments are yet
to show reproducible clinically significant improvement over placebo treatments.
Years of research has been put into synthesizing different materials to create
scaffolds including metals, bioactive glasses, natural and synthetic polymers.
These scaffolds are constructed through one of a variety or complex processes
from 3D printing to solvent leaching. These different mechanisms of creation
and materials used allow the scaffolds to embody different properties including
pore size, thermal stability, strength and pliability. This allows for the utilization
of tissue engineering in a multitude of in vivo environments. Many different cell
types are used to seed scaffolds including tenocytes, multipotent stem cells
and induced pluripotent stem cells. Scaffolds show promise as a delivery
system for drugs as well as cytokines and growth factors. Tissue engineering
is a novel field of study that shows promise not only for tendon repair but the
field of orthopedics as a whole. This paper focuses on systematic review of the
principles of tissue engineering and the implications in tendinopathy.
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at the tendon-to-bone interface. This unfavorable environment
is likely a byproduct of the fatty infiltration, inflammation, and
extracellular matrix disorganization that occurs following insult.
Therefore, strategies which aim to improve the tendon-to-bone
interface would inherently activate and promote healing responses.
New developments in the field of tissue engineering may allow for
researchers and clinicians to improve this suboptimal tendon-to-

Overview of Tendinopathy

In the past, the term ‘Tendinopathy’” was used as an overarching
term to describe tendon pathologies such as acute inflammation of the
tendon, partial or full thickness tendon tears, and calcific tendinitis.
More recently, the term tendinopathy has been used to describe the
symptoms that develop in response to overuse in and around tendons.
These symptoms can vary in degree from unnoticeable to debilitating,
but will often present clinically with burning pain, interjoint swelling
oflocal bursae, painful range of motion with decreased strength in the
joint in which the tendon acts, and tenderness to touch.

bone interface and facilitate healing for those individuals currently
suffering from tendinopathy.

Our goal with this review article is to provide a comprehensive
and up-to-date review of the advancements in tissue engineering and

Not surprisingly, current treatment modalities have aimed to . .
P 8y provide recommendations for future prospects based on the best level

control the inflammation present in the tendon via rest, Nonsteroidal
Anti-Inflammatory Medications (NSAIDs), and local corticosteroid
injections. However, these modalities have had limited success in
treating the chronic, painful conditions that arise from the overuse of
tendons. Recently, however, work in histopathology has demonstrated
several biomolecular changes that occur in concert with tendinopathy
including enhanced production of MMPs, modifications in collagen
type and quantity, and upregulation of several key transcription
factors including TGFB and IL-6. With these advancements in our
understanding of the basic science of tendinopathy, the treatment
options have since evolved.

Following an insult to the tendon, it appears as though healing
is impaired due to an unfavorable micro-environment present

of current evidence available.

Prevalence

The prevalence of supraspinatus tendonitis in adults with shoulder
pain was found to be 7.5-20% in a study using ultrasound [1]. Another
study conducted physical exam and ultrasound on 1,366 shoulders
found 20.7% of symptomatic shoulders had rotator cuff tears [2]. A
correlation between incidence and increasing age is proposed by a
study that stratified patients by this variable. The findings showed
that the prevalence of tendinopathy in patients younger than 20 was
9.7% and in patients over 80 was 62% [3]. These findings indicate that
continued wear and tear of the rotator cuff tendons over time is a
major contributor to the pathology.
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Types of tendinopathy

In the upper body, tendinopathy is most common in the
four tendons of the muscles that comprise the rotator cuff: the
supraspinatus, infraspinatus, subscapularis and teres minor tendons.
These tendons act to stabilize the shoulder joint, as well as allow
their corresponding muscles to conduct motions including humeral
internal/ external rotation and abduction. The shoulder joint is the
most mobile joint in the body and allows for the largest range of
motion out of any in the body. This range of motion comes with a
cost, however, as it places these tendons at an increased risk for stress,
trauma, and tear.

Of the four muscles comprising the rotator cuff, the most
frequently torn tendon is that of the supraspinatus [4] The anatomical
action of the supraspinatus is to initiate abduction (abduction
between 0-15 degrees) of the humerus at the glenohumeral joint and
it is often mechanically injured due to heavy overhead movements,
such as weight lifting or physical labor as well as repetitive overhead
motion such as swimming [4] When the humerus is in the overhead
position, the supraspinatus is susceptible to compression between
the anterior acromial arch and humeral head, leading to a greater
probability of inflammation and tendon injury. Another common
cause of supraspinatus inflammation includes subacromial bursitis
and changes to the nearby bursa [5,6]. When the bursa becomes
inflamed, there is less space in the glenohumeral joint, leading to
compression of the supraspinatus tendon and subsequent acute
inflammation and pain.

Diagnosis of tendinopathy

Upon physical examination, tendinopathy usually presents with
shoulder weakness, pain, impingement, decreased range of motion,
or a combination of these symptoms. The diagnosis of tendinopathy
can be complicated, as there is a weak correlation of symptomatology
to breath of structural change [7]. Therefore, imaging techniques will
traditionally be used to aid in diagnosis.

For example, X-ray may be used to look for calcifications on (or
connected to) the tendon. The etiology of the calcification is poorly
understood, but it is thought that the underlying pathophysiology
may be caused by ischemia [8].

Another diagnostic tool used in evaluation is MRI. The MRI
findings of rotator cuff tendinopathy are characterized by thickened
inhomogeneous rotator cuff tendons with increased signal intensity
on all pulse sequences [9]. Additionally, fluid intensity filling a
gap in the tendon on T2-weighted sequences changes will often
be diagnostic of partial-thickness tears [10]. This finding implies a
breakdown or thinning of the tendon which can equate to the cause
of the tendinopathy. High signal intensity on all pulse sequences
encourages a diagnosis of complete disruption of the tendon [11].

Ultrasound is another non invasive, rapid and cost effective
means of diagnosing supraspinatus tendinopathy commonly used in
the emergency room setting [1]. The ultrasound can rapidly detect
calcific changes, tears, and impingements of the supraspinatus.

Undiagnosed and/or untreated supraspinatus tendon calcification
can develop into severe forms of subacromial bursitis, and at times,
serious surgical emergencies such as bicipital tendonitis and rupture
of the biceps tendon, adhesive capsulitis, and full supraspinatus tears

[12-14]. Undiagnosed tendinopathy can place an individual at risk for
further structural damage if not correctly diagnosed and managed.

Comorbidities

Diabetes is shown to be a major comorbidity of tendinopathy.
Diabetes is shown to increase levels of tumor necrosis factor alpha as
well as inflammatory cytokines such as I1-6 [15]. These mediators have
been shown to upregulate metalloproteinases 9 and 13 in tendons
which leads to an increased rate of tissue breakdown and a decreased
ability to heal injured tissue [16]. Patients with diabetes are also shown
to have decreased angiogenic state [17] as well as underproduction
of fibroblasts [18]. These differences in cellular homeostasis lead to
a greater risk in diabetic patients to require hospitalization due to
tendon tear or injury [19].

Current treatment options

It is difficult for our bodies to heal forms of tendinopathy due to
the low vascularity of tendons. When injury occurs, the affected area
secretes cytokines and growth factors to initiate the healing process
[20,21]. As there is low blood flow to the tendons, however, it is
difficult for the damaged tendon tissue to obtain the nutrition and
cell lineages necessary to promote regeneration and healing.

Management of tendinopathy typically ranges depending on the
degree of severity. For mild injuries such as sprains, management
may involve joint rest, heat, and ice, and may be supplemented
with the intake of NSAIDS. On the other side of this spectrum,
more severe injuries including complete or partial tears may require
surgical management. In these cases, corticosteroid injections into
the joint capsule may be used to decrease inflammation and pain.
Other less common, but more novel, treatments include those aimed
at increasing neovascularity [22-24], physical therapy, sclerotherapy,
nitric oxide patches, surgery, growth factors, stem cell treatments,
and shock wave therapy [25].

Drawbacks of current treatments (relapses)

Corticosteroid injections: One of the more typical treatments for
tendinopathy includes the use of steroid injections in combination
with NSAIDs. This therapy aims to reduce the inflammation in the
joint causing pain or discomfort, but will not reverse structural
damage. Moreover, multiple studies have not shown a statistically
significant improvement in symptoms beyond six months [25-29].
The lack of both structural and long-term symptom improvement
restricts the efficacy of corticosteroid injections in the treatment
and management of tendinopathy. Furthermore, several studies
on the achilles tendon found that long term steroid injections are
associated with a higher probability of tendon rupture [30-34] further
substantiating the lack of utility for this common form of treatment.

Shock wave therapy: Shock wave therapy is another treatment
modality in study. While the exact mechanism remains unknown,
a shock wave probe producing a combination of alternating low
and high energy waves is thought to cause microscopic tissue
damage [35] which stimulate blood flow [36] to the area of injury
and promote healing [37]. The efficacy of this method has proven
variable, with the most consistent results coming from treatment of
calcific supraspinatus [38]. Results from this study demonstrated that
shock wave therapy reduced the size of calcifications present on the
supraspinatus along with a reduction in pain. In the treatment of non-
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calcific supraspinatus tendinopathy, however, two studies showed no
improvement in healing when shock wave therapy was used [39,40].
In conglomeration, more studies will need to be conducted to
determine the efficacy of shock wave therapy. However, current meta
analysis suggests mild decrease in pain score in patient with shock
wave therapy added to the management of tendinopathy [41].

Sclerotherapy: Sclerotherapy is a novel treatment that is proposed
to alleviate the pain associated with tendinopathy. Treatment
involves ultrasound guided injection of a sclerosing agent (commonly
Polidocanol) into the local blood vessels of the affected area. The
agent causes scarring and collapse of the neovascularization caused
by inflammation. The underlying theory of this treatment is that by
sclerosing the vessels, the surrounding hypersensitized nerves will
also die, leading to decreased pain sensation [23,24,42]. Few studies
have been performed, and have promising results for the resolution
of pain symptoms [43]. These studies do not show, however, an
improvement in the prognosis of the pathology. Intuitively, while
sclerotherapy may provide pain relief, it may also lead to adverse
outcomes due to obliteration of the neovascularization which is
needed for the tendon to heal.

Platelet rich plasma: Platelet rich plasma is a novel therapy
that uses one’s own concentrated platelets to induce the healing and
regenerative process of tendons following tendinopathy. PRP therapy
has been shown to increase growth factors and cellular signaling
molecules such as IGF-1 and PDGF in the injected area [44,45] which
is hypothesized to facilitate healing.

A study which injected PRP into rats with patellar tendinopathy
showed an increase in type one and three collagen in the affected
area compared to controls, indicating PRP therapy increased early
mediators of tendon healing [46]. Another study using rabbit achilles
tendons showed that compared to controls, there was an increase in
angiogenesis and collagen organization in the tendon areas injected
with PRP compared to the control group [47]. PRP injections into
human subjects with chronic tendinopathy in the achilles, patellar
tendon, and rotator cuff, showed a subjective decrease in pain in 68%
of patients undergoing activity as well as a 95% decrease while the
joint was at rest [48]. PRP, however, has failed to show a significant
improvement in pain or recovery time in human patients with
tendinopathy. Therefore, more research is needed to fully comprehend
the effectiveness and utility of PRP therapy for tendinopathy.

Surgery: Surgery is a common treatment option for most forms
of severe tendinopathy (full/partial tears) or those which have been
resistant to less invasive treatment options. These operations range
from debridement of the affected tendon to total reconstruction
depending on the extent of tissue damage. The debridement surgery
can be used for most calcific tendinopathies. The aim of this procedure
is to remove the calcium deposits that are causing local inflammation
and impingement on the tendon. The most common procedure for a
full thickness tendon tear is arthroplasty, a complete reconstruction
of the tendon.

In surgically repaired rotator cuff tears, however, the rotator cuff
tendons show limited capacity to reattach to the greater tuberosity
of the humerus. As a result, despite the strong long-term results of
surgical repair, a number of these repairs still fail to heal as a byproduct
of a suboptimal tendon-to-bone interface. Thus, researchers have

looked to improve this tendon-to-bone interface through other
means such as the use of tissue engineering.

Basic Principles of Tissue Engineering

The goal of tissue engineering is to recreate a tissue with identical
biological function and ECM structure to a native tissue. These
engineered tissues should be porous in order to facilitate diffusion
of nutrients and cells both into and out of the matrix. In addition,
they must have the tensile strength to withstand the stress of the
microenvironment that they are placed in. Ideally, a scaffold should
also be biodegradable, meaning that as the scaffold degrades, the
byproducts which are released should be readily excreted from the
body. Finally, scaffolds must be biocompatible (anti-antigenic) with
host tissue once inserted.

There are five steps to develop a biologically available tissue
scaffold. First, cells need to be extracted from the target tissue typically
by biopsy and then centrifuged. After cells are spun they need to be
removed from the ECM components via proteases such as trypsin
or collagenase. Next, these free cells will need to be cultured in order
to acquire a sufficient number of cells to seed the scaffold. Third,
the cells are seeded onto the scaffold (different types of scaffolds are
described in detail below). The structure of the scaffold interacts
with cell function as it regulates nutrient delivery and waste product
removal via cell-cell interactions. The surface chemistry regulates
cellular adhesion, structure and the absorption of ions, proteins
and other organic materials that are contained in the cell culture
media. Then, the cells must proliferate on the scaffold into the tissue
of choice which is accomplished by the administration of growth
factors, cytokines and hormones. The different signaling molecules
will lead to precise development of the cellular structure. Finally, once
the tissue has proliferated a sufficient quantity, it is then implanted
into the target biological tissue.

Mechanisms of scaffold creation

Freeze drying: First, a synthetic polymer is dissolved in solvent
and frozen. Once frozen, the microcrystals formed are suctioned out
of the scaffold, leaving behind a desired grid of pores [49]. The pore
lattice can be changed by altering the freezing rate and solvent used
[50]. The advantage of using these forms of scaffolds is that they tend
to withstand elevated temperatures, which may be advantageous
during use in biological subjects. One drawback to this method,
however, is that most of the solvents used in preparation are cytotoxic,
meaning that the scaffolds must be washed repeatedly before cells can
be seeded [51].

Solvent casting and particulate leaching: In this method of
synthesis, a polymer is dissolved in a solvent that contains salt
crystals. This combination is then later cast in a mold. The solvent is
then evaporated, leaving behind the polymer and salt crystals. Next,
the scaffold is placed in water which allows the salt to leach’ (diffuse)
out of the polymer, leaving behind a highly porous structure. This
method is advantageous as it produces a highly porous structure
with pore sizes that can be modified. This is advantageous as it allows
for fine tuning of a porous architecture that will facilitate cellular
proliferation [52]. One drawback to this form of synthesis, however,
is that the solvents used in preparation may be cytotoxic and may take
days or weeks to completely diffuse out of the scaffold.
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Thermal induced phase separation: In this form of synthesis,
the polymer is dissolved in a solvent with a low melting point. Next,
water is added to induce phase separation, yielding a polymer rich
and polymer poor phase [53]. The solvent is then cooled, and the
scaffold-solvent combination undergoes freeze vacuum drying to
produce the porous scaffold product. The constructed scaffolds are
often composed of a nanostructure of pores between 50 and 500nm,
resembling the natural porous architecture of an extracellular matrix
composed of collagen [54].

Gas Foaming: The polymer is first heated and molded into the
desired shape. Next, the polymers are placed in a chamber where they
are exposed to pressurized inert gases such as carbon monoxide or
nitrogen. At elevated pressure, the carbon dioxide or nitrogen embed
into the polymer structure. As the pressure in the system is brought
down to atmospheric pressure, however, the closed system allows
for the gas molecules to seep out of the structure forming a sponge-
like porosity in the polymer [55]. One downfall of this procedure,
however, is that the high amount of heat used in scaffold production
limits the materials that can be used in polymer construction.
Specifically, this means that all components used in scaffold creation
must be heat stable.

Electrospinning: This technique uses electricity to construct
nanofibrous scaffolds. This method utilizes a polymer, a collector,
and a high voltage supply [56]. The initial polymer is dissolved in
a solvent, which is then fed through a syringe needle where a high
voltage current is applied. The electrostatic forces that are generated
form a gradient that propels the solution towards the grounded and
oppositely charged surface on which the scaffold is created [57]. As the
solvent dissolves, the pores are created [58]. This method is beneficial
as it can be tuned via changing voltage, current, distance, flow rate
or solvent concentration, allowing for exact scaffold architecture to
be created.

Computer associated design: This form of scaffold construction
is unique as it uses computer programs to design scaffold models.
The machine or 3D printer can use a variety of materials to construct
the scaffold (including powders and liquids), which allows for the
construction of numerous fine-tuned cross sections within the
scaffold structure [59]. The major advantage of this method is that
it is capable of creating a desired shape and size scaffold which is
advantageous for potential biological use [55].

Bioprinting: This technique allows one to insert biomaterials
onto a scaffold through a solvent free method [60]. This form of
printing can be done both cellularly and acellularly. The acellular
method involves the printing of biomaterials with the scaffold in the
absence of cells. This allows for less restriction on the printing process
as the bioavailability of cells is not taken into account. In contrast, the
cellular method involves the incorporation of cells into the materials
that are used to construct the scaffold. This will allow the material
to more closely resemble living tissue, but requires an added layer
of variables that must be taken into account during production.
Currently, there are three major types of bioprinting: ink-jet printing,
laser assisted, and microextrusion [60].

How to Insert a Scaffold

There are two main modes of scaffold insertion: injectable and

pre-formed surgical implantation. Injectable scaffolds might be
considered superior to surgical implantation due to their minimally
invasive introduction. Injecting the scaffolds will reduce both surgical
complications and infection rates. Another advantage of injectable
systems is that an injectable material will be able to better conform
to the contours of the environment in which it is applied, whereas
preformed scaffolds maintain their original shape and may lack
the ability to conform to their environment [61]. Lastly, injectable
scaffolds have the ability to reach more sensitive areas which may not
be accessible by open surgery.

In contrast, pre-formed scaffolds which are surgically implanted
may be created in vitro and then physically implanted into the tissue.
This method is advantageous as it allows for a more rigid scaffold to
be generated with higher tensile strength for use in bone or tendon
engineering where strength and durability are paramount.

Tendinopathy Inflammation, Healing,

Pathology Molecular, Pathways

Chronic inflammation in tendons causes structural changes
which include vasculogenisis, increased nerve growth, increased
extracellular matrix components, decreased connective tissue
organization [62]. It is common to see both degenerative and
regenerative changes occurring simultaneously in the biopsy of
tendon undergoing inflammation. Tendons undergo a three phase
healing process after tissue insult or damage; an inflammatory phase,
followed by the proliferative phase and ending in a remodeling
phase. The inflammatory phase is characterized by increased vascular
permeability which allows neutrophils and macrophages to reach
the area of injury. There are two types of macrophages M1 and M2.
M1 macrophages are proinflammatory and initially recruited which
induce scarring and fibrosis. The M2 macrophages are predominant
later in the healing process and are responsible for clearing the excess
ECM [63]. These inflammatory cells secrete cytokines and growth
factors to induce the healing process. Fibroblasts and mesenchymal
stem cells are recruited and ultimately aid in the regeneration of
the damaged tendon or bone tissue. In tendons, fibroblast initially
creates a disorganized collagen structure that is remodeled into more
structurally sound tendon.

Important growth factors and cytokines:

PDGF - Has been shown to promote fibroblast proliferation and
collagen remodeling.

FGF - Promote fibroblast proliferation and collagen remodeling.

TGE-B - Tendon regeneration with identical structure as the
original structure [64] as well as;

ECM remodeling [65]. Increased expression in damaged tendon
after insult vs. healthy tendons [66]. Stimulation of fibroblasts as well
as collagen 1 synthesis.

Hif-1a - increases the expression of collagen 1 and 3 in tendons
subject to hypoxia or injury [67].

IL-6 - upregulated in damaged tendons [68] induces the
production of collagen.
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Principles of Tissue

Tendinopathies

Engineering in

From the incipient stages of medical device development,
polymers have been utilized in the fabrication of biocompatible
materials. The term ‘polymer’ refers to any form of monomer (similar
molecular unit) linked together by some form of chemical bond. In
order for a specific polymer to be considered ‘biocompatible,” several
factors must be considered. These factors are all related to the material
chemistry of the polymer and include solubility, hydrophilicity/
hydrophobicity, water absorption, and its erosion mechanism. Of
particular importance are the final two factors.

Water absorption of the polymer is necessary as it signifies the
presence of a water conduit that can transport molecules to and
from the scaffold in vivo [69,70]. This is of significance as the scaffold
may contain, as mentioned previously, cell lineages and bioactive
molecules that may be infused into the scaffold. The water conduit
will provide the means for the transportation of nutrients to the
cells impregnating the scaffold, as well as transport cellular waste
away from the cells. In addition, the water conduit will allow for the
diffusion of loaded bioactive molecules away from the scaffold and
into the site of injury [71].

The erosion mechanism of the scaffolds is of equal importance.
The goal of the scaffold is to improve healing. Thus, if the scaffold
releases toxic molecules as it erodes, the healing that occurs at the
site of injury will be adversely affected. For this reason, polymers
are placed through rigorous studies to ensure that the individual
chemicals that erode away from the scaffold are safe for the host.

For clinicians, polymeric-based scaffolds are promising due to
their high surface-to-volume ratio, variable porosity, biodegradation,
and mechanical properties to withstand stress [72,73].

A high surface area to volume ratio is necessary for effective
movement of nutrients, waste, and thermal energy through the sole
process of diffusion [72,73]. For instance, our cells are praised as
ingenious for their high surface area to volume ratio. If solely the
volume of our cells was to increase, the surface area to volume ratio
(surface area/volume) would decrease. As a result, the exchange of
nutrients, waste, and energy with the outside environment would be
much more difficult. Similar in concept, scaffolds utilized for tissue
engineering purposes must contain a high surface area to volume
ratio to allow for a similar exchange of nutrients, waste, and thermal
energy. Through the use of polymers, researchers and clinicians have
been provided the means to produce scaffolds with the necessary high
surface area to volume ratio. In fact, one way in which this ratio can
be increased is through the inclusion of pores on the surface of the
scaffold, also known as a scaffold’s ‘porosity’. Under the microscope,
these scaffolds contain microscopic pores which increase the surface
area available on the scaffold. This porosity is useful as it allows
for more available area for the incorporation of cells and bioactive
molecules into the material [74,75]. More important, however, is that
the use of polymers allows clinicians and researchers the ability to
modulate the average pore size. The pore size can be tightly controlled
through the modulation of the cross-linking density (the number
of bonds that form) between neighboring polymer chains [74]. A
smaller or larger porosity may be more favorable, given that porosity

has been found in previous studies to influence the release of bioactive
molecules and cell invasion in tissue regeneration applications.

An additional attractive feature for the use of polymers in tissue
engineering applications is that the scaffolds are often constructed of
the same carbon and hydrogen-based chains already present in host
organisms [69,76]. These chains already have a routine method of
digestion that allow for their safe and effective removal from the host.

Finally, polymers are intriguing in tissue engineering applications
as they provide unique mechanical properties. The linking of polymers
can be carefully crafted to contain both flexible and rigid segments to
impart mechanical strength to the scaffold [77]. It is important for the
scaffold to contain this mechanical strength so that it can withstand
the full range of motion that it may be exposed to once placed in the
host.

However, the actual polymer used in tissue engineering may vary
based on application. Scaffold materials can be synthetic or natural,
degradable or nondegradable, depending on its intended use.

Natural vs. Synthetic polymer-based scaffolds

To properly dissect the various types of polymers used to
construct these scaffolds, it is first important to make the distinction
between natural and synthetic polymers. Natural polymers relate to
any form of polymer that is derived from a natural source. This may
include proteins such as silk and collagen, polysaccharides such as
amylase and cellulose, and polynucleotides such as RNA and DNA.
Natural polymers are advantageous in the construction of scaffolds
as they have unique bioactive properties which have been found to
enhance cells’ performance in tissue engineering applications [70]. In
addition, these natural sources are already found inside organisms
[70]. As such, they are readily and easily digested as they erode over
time.

In contrast, synthetic polymers relate to any form of polymer
constructed from unnatural sources. These are typically materials
manufactured in a laboratory-based setting and will be discussed
in the next section of this article. There are many forms of synthetic
Polymer-based scaffolds which have been formed for the purpose
of tissue engineering. These many forms have been covered in
depth by Dhandayuthapani et al. [70]. However, the novel findings
in relation to each of these forms will be presented in this review.
Synthetic polymer-based scaffolds were introduced for their highly
customizable mechanical properties. For instance, the porosity, shape,
size, degradation time, and rigidity/ elasticity, are all variables which
can be manipulated in production. More importantly, however, is
that these synthetic scaffolds are highly predictable and reproducible
across subjects [77,78]. Consequently, the ability to control for these
variables allows for production targeting a wide range of applications.

Synthetic  polymer-based scaffolds produced for tissue
engineering applications are typically constructed of both an aliphatic
polyester and a copolymer [79]. Typical aliphatic polyesters used in
the construction of these scaffolds are Poly-Lactic-Acid (PLA) [80],
poly(glycolic-acid) (PGA) [81], and Poly(Caprolactone) (PCL) [82].
The copolymers which have been utilized in the production of these
synthetic polymer-based scaffolds have been outlined by Seyednejad

et al. [83].
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Synthetic forms of polymer-based scaffolds

Hydrogel scaffolds: Hydrogels have been praised in modern
times for their ability to closely mimic the major macromolecular
components constituting our bodies. They are constructed of a three-
dimensional polymeric network that fills with water. As discussed
previously, the need for a water conduit to the scaffold is of importance.
As such, hydrogels contain unique properties attractive to the field
of tissue engineering. In studies, hydrogels have demonstrated a
heightened ability to promote cell migration [84], angiogenesis [84],
high water content [69], and rapid nutrient diffusion.

Hydrogels can be made from either cross-linked synthetic or
natural polymers. The synthetic polymers typically used in production
are Polyethylene Glycol (PEG) [85-90], Polyacrylamide (PAA) [91-
94], Poly (Vinyl Alcohol) (PVA) [95-97] while the natural polymers
include gelatin [98-100], alginate [101-103], hyaluronic acid [104-
106], and chitosan [107,108]. A recent review written by Talebian et
al. outlines these polymers and their ongoing projects [109].

A second attractive feature of hydrogel systems is that the
stiffness, concentration of bioactive molecules and cells, and network
porosity are all variables that are relatively easy to tailor.

Studies such as those conducted by Chaudhuri have begun
to suggest the need for further studies on the various vivo elastic
properties of hydrogels [110]. These vivo elastic properties have the
capacity to influence cellular behavior on 3D hydrogel systems. For
instance, Chaudhuri’s group began to investigate the relatively new
advent of stress relaxation in relation to hydrogel systems [111].
The idea of stress relaxation is comparable to previous studies
conducted on springs. When a spring is stretched, the tension that
is produced is proportional to the change in length. If the strain is
kept constant, there is an observed decrease in stress of the spring
over time. Chaudhuri looked to determine how this idea influenced
cell spreading of various cell lineages in hydrogel systems. It was
found that when the hydrogels exhibited quicker stress relaxing,
the osteogenic differentiation of cells was stimulated. However,
the adipogenic commitment was not critically dependent on stress
relaxation. This data suggests that the stress relaxation of hydrogels is
a critical variable in providing osteogenically favorable conditions for
tissue engineering and continues to be an area for additional study.

An additional factor found to regulate cellular differentiation on
the surface of 3D hydrogel structures is the degradation of the hydrogel
itself [112]. Studies conducted by Khetan’s group investigated cellular
differentiation in both degradable and non-degradable hydrogel
systems. It was found that the MSC cells on the non-degradable
hydrogel system did not demonstrate osteogenic differentiation over
a wide range of stiffness values. Khetan believes that in the non-
degradable systems, the cells were unable to determine the stiffness
of the scaffold material. When the hydrogel system was degradable,
cells were adequately able to sense the stiffness of the material and
effectively differentiate osteogenically. This study further highlights
the need for understanding the vivo elastic properties of hydrogels.
These properties may prove crucial to maximizing the efficacy of
hydrogel-based scaffolds in the treatment of tendinopathies.

Fibrous scaffolds: Fibrous scaffolds are considered those

constructed from nanofibers. These nanofibers can be created through

various methods including electrospinning, self-assembly, and phase
separation. Fibrous scaffolds are similarly attractive to the field of
tissue engineering as they allow for, similar to hydrogels, high surface-
area-to-volume ratios. In addition, these nanofibers can be utilized
to produce a similar microporous surface morphology. A potential
downside for the utilization of fibrous scaffolds, however, is that they
often do not contain specific surface functional groups [71]. Rather,
they must be specifically functionalized for successful applications. As
such, the incorporation of bioactive molecules into the scaffold can be
more challenging. In hydrogels, bioactive molecules are incorporated
into the scaffold through weak interactions with positive and
negatively charged functional groups on the surface of the scaffold.
In fibrous scaffolds, these possible interactions are limited. Thus,
researchers have looked to use electrospinning methods to physically
mix bioactive molecules into the polymer solution as it is being
synthesized.

Metallic scaffolds: Metallic scaffolds are commonly constructed
with an Magnesium or titanium base. Positive qualities of Magnesium
based scaffolds include the ability to be absorbed without toxicity,
biodegradability, mechanical tensile strength, low bio inflammation
in vivo, and osteoblast activation [113]. The highly corrosive nature
of Mg into hydrogen gas has been a limiting factor in its development
thus far. Titanium scaffolds are not biodegradable and do not
integrate into biomolecules. These scaffolds are more advantageous
when load-baring is needed due to the tensile strength and metallic
properties which supersede other scaffolds such as polymeric or bio
glass scaffolds.

Bio glass scaffold and ceramic scaffolds: Bio glass scaffolds have
shown promise in regards to the application to bone and soft tissue
engineering. They have shown an ability to induce the development
in bone cells [114]. When these scaffolds are inserted, the glasses
undergo reaction and become amorphous calcium phosphate or
crystalline hydroxyapatite which is the reason for the tight binding
to surrounding tissue [115]. This is advantageous because this highly
resembles the in vivo bone structure. These scaffolds also have been
shown to increase angiogenesis as well as upregulate osteogenic
genes [116]. The practical advantages to a Bio glass scaffolds are
that manipulation of its properties through chemistry can allow
for specific degradation rates, thermal and environmental stability
[115]. The limiting factor through many studies has shown decreased
mechanical reliability as well as the lower degradable properties of
these glasses used [117].

To properly cover the novel findings in relation to fibrous
scaffolds, the three major forms of fibrous scaffold creation will be
explored in the next section: electrospinning, self-assembly, and
phase separation.

Bio Fabrication of Tendon Scaffolds

Electrospinning

Electrospinning is a technique used to turn an array of different
polymers (both natural and synthetic) into nanofibers that can be
used as a tendon scaffold. Using this method, nanofibers can be made
with varying thicknesses, compositions, and degrees of porosity.
When using the electrospinning method, nanofibers can be produced
with a high surface area and a high degree of porosity. Both of these
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factors improve cell interactions [118] and make these products well-
suited for use as tendon scaffolds.

Electrospinning technique involves placing a polymeric solution
into a charged system to produce the nanofiber scaffold. A polymeric
solution is first placed into a syringe with a conical needle and a high
voltage electrical current is applied to the needle. An initial increase
in the electrical potential will create a force that opposes the surface
tension of the solution at the tip of the needle, thereby forming what
is known as the “Taylor cone” shape at the tip of the needle. Once an
additional increase in the electrical potential is applied, the surface
tension of the solution droplet at the end of the needle is broken,
causing a jet to form at the tip of the Taylor cone that is subsequently
ejected. This charged jet forms the nanofibers which are subsequently
collected on a metal collector [118].

Both natural and synthetic polymers can be used to produce
nanofibers using the electrospinning method. Some examples of
natural polymers used in previous studies include collagen and
hyaluronic acid (Source). While some examples of synthetic polymers
used include Poly Lactic Acid (PLA) and Poly Lactic-Co-Glycolic
Acid (PLGA) [119].

Although traditionally electrospinning produces fibers that are
randomly oriented, recent studies have shown that it is possible to
use the charge on the polymer solution itself to enable the production
of nanofibers oriented in an intended direction, therefore enhancing
the nanofiber’s ability to direct cell growth [118].

In summary, electrospinning is a method that allows for the
production of highly controlled, customizable nanofibers. This
customization comes through altering the polymers used and
modifying the size and specifications of the electrospinning setup
(e.g. size of needle opening diameter, flow rate of polymer solution,
voltage used, collector used, etc.). This ultimately culminates in
the production of specifically tailored nanofibers that can vary in
thickness, composition, orientation, and porosity to better suit any
particular role that a nanofiber produced may have.

Self-assembly

Self-assembly is a technique that takes advantage of the intrinsic
properties of a substance in order to produce nanofibers. In 1995,
Berndt et al created a self-assembly system based on peptide
amphiphiles in an attempt to mirror the extracellular matrix. These
peptide amphiphiles consisted of a dialkyl chain as the hydrophobic
tail attached to a peptide chain derived from ECM collagen ligand
to act as the hydrophilic head group [120]. Additional studies were
done that replaced the dialkyl chains with mono-alkyl chains and the
experiments showed that both peptide amphiphiles were able to self-
assemble into a stable triple-helix layer in an aqueous solvent at the
air-water interface [121].

This technique was taken further in a study by Stupp et al. where
bioactive sequences were included within the protein amphiphile
in order to look at the bioactivity of the self-assemblies themselves
[122]. This study showed that bioactive sequences can be included
in self-assembly techniques in order to achieve a higher degree of
biocompatibility and facilitate use in a tissue engineering setting.

This protein amphiphile self-assembly system was then adapted

in order to make nanofibers using pH control. This method worked
by modifying the head group of the amphiphile to include a
phosphoserine residue for enhanced mineralization, a Arg-Gly-Asp
peptide to increase integrin-mediated cell adhesion, 4 consecutive
Cys residues to improve structural stability, and a region consisting
of 3 Gly residues that act as a flexible linker region in order to provide
flexibility to the head group [118,123]. Once these protein amphiphiles
were produced, they were then reduced using dithiothreitol and then
acidified below a pH of 4 in order to produce the nanofibers [123].

In summary, this method can be used to produce a variety of
nanofibers with different diameters and lengths based on alterations
one can make to the sequence and subsequent structure of the protein
amphiphile.

Phase separation

Phase separation is a relatively simple way to produce nanofibers
when compared to the electrospinning and self-assembly techniques
[118]. Thermally-induced phase separation techniques can be used
to produce nanofibrous foams that can mimic the natural collagen
matrix through five steps: polymer dissolution, phase separation and
gelatin, solvent extraction from the gel with water, freezing, and then
freeze-drying under vacuum [124]. The timing of the 3rd step (known
as gelation) is the most critical step in determining the ultimate
degree of porosity of the foams, which varies with concentration
of the polymer in solution and the gelation temperature-with
lower gelation temperatures leading to the more ideal product of
nanoscale fiber networks that can be used as a fibrous scaffold [118].
Additional modifications of the porosity of the product can be made
by incorporation of porogens (e.g. salt and/or sugar) into the mold
along with the polymer solution during this process [118].
Biocompatibility

Biocompatibility can be defined as “the capability of an implanted
prosthesis to exist in harmony with surrounding tissues” [125]. This
concept is intrinsically intertwined with the world of bioengineering
tissue scaffolds due to the fact that, in order to be effective, a scaffold
has to be able to maintain its structural integrity and function while
avoiding the induction of an immune response against the implant
that either renders it ineffective or harms the scaffold and/or the
surrounding tissues.

In order to improve biocompatibility, different proteins and
growth factors (such as insulin-like growth factor I and transforming
growth factor 8) can be incorporated into scaffolds in order to
promote ligament/tendon regeneration [126,127].

Opverall, the production of nanofibers is useful because we can use
these methods to essentially 3D print a tissue with a specific set of
parameters in mind for countless different purposes. When applying
this method of developing nanofibers to tissue engineering, its
potential is endless because of the fact that these fibers, no matter how
they are made, can be used as scaffolds for things like bone, cartilage,
ligament, and skeletal muscle development, skin, vascular, and neural
tissue engineering, and as methods of transport and targeted delivery
for different drugs, proteins, and DNA. In this next section, we are
going to explore the applications of different cell types that are used
during the nanofiber production process.
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Cell Performance in Tendon Tissue

Engineering Scaffolds

Cell Types in tendon tissue engineering

Tendons have a unique structure and composition that provides
strength to attach muscle to bone. At the molecular level, 90-95% of
cells present in a tendon are tenocytes and tenoblasts, while the other
5-10% consists of chondrocytes, synovial cells, and vascular cells
[128]. In tendon tissue engineering, the success of the engineered
tendon depends in part on the initial cell population. Specifically,
these cells must be able to proliferate upon the surface of the scaffold
and excrete a new extracellular matrix that will aid in the reformation
of the tendon. One study established three criteria that are critical
in tendon formation and stability. These included: 1) Presence of
scleraxis-expressing cells; 2) Organized collagen matrix and 3) Secure
attachment to bone [129]. In this section, various cell populations will
be examined and how they fare in tendon tissue engineering.

Tenocytes

Tenocytes, as previously addressed, are the principal cell
lineage that makes up the tendon. One study investigated the effects
of introducing autologous tenocytes into patients with chronic
lateral epicondylitis. In this study, patients with refractory lateral
epicondylitis had autologous tenocytes injected into their common
extensor tendon. Patients were found to have improved tendinopathy
in comparison to controls [130]. While these results are promising,
tenocyte insertion requires removal of healthy tendons and leads to
further patient morbidity.

Induced-pluripotent stem cells

The advantage of using Pluripotent Stem Cells (PSCs) is that they
can be taken from other parts of the body and ‘reprogrammed’ into a
fibroblast/ tenocyte lineage. This is in contrast to the use of tenocytes
which requires removal of cells from tendons, possibly leading to
further tendon injury. Pluripotent stem cells have been attractive
in basic science for many years due to their ability to differentiate
into all other cell lineages. Specifically, cytokines and growth factors
may be secreted by already differentiated cells. These cytokines and
growth factors will then act as transcription factors which will cause
the PSCs to differentiate into the same cell type. One study showcased
the ability of PSCs to serve as a viable source for tissue engineering.
In this study, pluripotent stem cells derived from somatic tissue were
exposed to tensile strain and developed tenogenic characteristics
including cell morphology and markers [131]. Another study
demonstrated improved extracellular matrix synthesis and tenogenic
differentiation factors when PSCs were injected into a rat patellar
tendon window defect [132]. With their ability to differentiate and
proliferate, pluripotent stem cells have great potential to be utilized in
tendon tissue engineering.

Multipotent stem cells

Mesenchymal Stem Cells (MSCs) are the most common cell used
in tendon repair. These cells are commonly derived from the bone
marrow, but cells from adipose tissue can also be used. In contrast
to pluripotent stem cells which are able to differentiate into any cell
lineage, MSCs are only able to differentiate into several lineages.
Thus, for tissue engineering purposes, it becomes crucial to isolate
the specific MSC lineage that is capable of differentiating into the

target cell lineage (tenocytes, osteocytes, etc.) Particular interest has
been placed on tendon-derived MSCs for their ability to proliferate
and self-renew. These specific stem cells are able to differentiate into
various cell types including tenocytes, chondrocytes, and osteoblasts,
making them an attractive target for tissue engineering and tendon
repair [133].

Evaluation of cell performance

For a tendon graft to be deemed successful, the engineered tendon
should mimic the biochemical and tensile properties present in
natural tendons. The parameters that have been routinely assessed in
tissue engineering studies revolve around the mechanical properties
of the tendon. Does the tendon have the ability to sustain high weight
loads and have the necessary elastic properties? As an example of
this assessment, a study reviewed the mechanical properties of newly
created tendons placed in a mouse model and compared muscle-
derived cells (a mixed population containing fibroblasts, myocytes,
and muscle derived mesenchymal stem cells) with tenocytes and
assessed various properties [134]. Mechanical strength was assessed by
looking at variables including maximal load, stiffness, tensile strength,
and Young’s modulus. The muscle-derived cells outperformed the
tenocyte cell populate in every category, establishing a dominant
mechanical advantage. Each of these variables allow for an analysis of
the biomechanical abilities of the new tissue and should be included
in future tissue engineering projects to aid in the determination of
both biocompatibility and efficacy.

In addition to an analysis of the mechanical properties of
engineered tendons, a histological analysis can serve as a method to
evaluate cell performance. As an example, one study injected fetal
derived embryonic-like stem cells in vivo with an animal tendon
model. Comparison of the injected tendons and placebo control
involved viewing cells under hematoxylin and eosin stain. The stains
were analyzed for various tendon changes and were given scores from
1 (normal) to 4 (severe changes). The parameters used for scoring
involved tenocyte shape and density, vascularization, and collagen
fiber organization. The fetal-derived embryonic-like stem cell treated
tendon had multiple statistically different categories in comparison to
the placebo control indicating improved tendon characteristics in the
injected tendon [135].

Scaffolds as delivery systems

The tissue engineering triad includes the use of a scaffold, cells,
and signals which integrate with remarkable complexity to form new
tissue. Scaffolds can provide an adequate growth environment for cells
by providing a site for attachment and further cell proliferation. In
such a way, the scaffold can be thought of as an artificial extracellular
matrix which can assist in new tissue growth. While providing
structural support, they are commonly combined with various
growth factors, genes, and cytokines. The benefit of using a scaffold
to deliver these molecules is that it allows for a local, controlled, and
sustained release of these healing molecules over time. This further
facilitates proper tissue regeneration and provides an advantage over
direct injection of these factors [136].

One of the remarkable benefits of using scaffolds is their ability
to function as a drug-delivery system. The limits for what can be
delivered are endless and have already included growth factors,
cytokines, genes, and antibiotics.
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This can be illustrated in some of the new therapeutic treatments
for rotator cuff tears. Specifically, researchers have looked to formulate
a scaffold containing both growth factors and NSAIDs. Growth
factors released at sites of tendon inflammation and damage have
been proposed as a potential treatment option for rotator cuff tears.
The rationale for the use of growth factors is their constant expression
throughout all stages of tendon healing. Multiple growth factors
(TGF-beta, VEGF, IGF, etc.) have been reviewed for their therapeutic
use and have shown promise [137]. For local pain control, non-
steroidal anti-inflammatory drugs have been used. These medications
are beneficial to reduce inflammation at sites of tendon damage and
allow proper healing [136].

Antibiotics have also been implemented in a scaffold drug-
delivery system. Antibiotics are especially useful in conditions such
as osteomyelitis, a serious infection of the bone. In patients with
open fractures, infection control is difficult as the bone is exposed
to various infectious agents. One approach to controlling infection
is to use a scaffold that delivers antibiotics. A study was conducted
assessing the use of scaffold-delivered gentamicin as a method of local
source control and it was found that the gentamicin-treated group
had decreased infection rates and increased healing of fractures
compared to the control [138].

The use of scaffolds as a delivery system for various growth factors,
cytokines, genes, and antibiotics is still in its infancy. However, these
studies serve to highlight the frontiers available in this field. With
continued research into the field of tissue engineering.

Seeding ofaScaffold and Biological Interface
with the Tissue

Cells destined to be seeded must first be cultured in vitro. The
seeding of the scaffold is a paramount step for a healthy cell lineage
to be started on the scaffold. Cells must be dispersed uniformly and
maintained in an environment suitable for growth. As cells in culture
typically interact by diffusion, the structure of the scaffold and cellular
environment and arrangement is not always conducive to adequate
signaling between cells. To overcome this, bioreactors have been
created in order to maintain a sufficient environment for the cells to
proliferate along the scaffold [139,140].

Cell and tissue interface

The ideal scaffold has replicated the tissue extracellular matrix in
its typical architecture, biology, and mechanical features [141]. The
architecture of the scaffold must be compatible with cellular growth
and tissue formation, neovascularization, and be porous enough for
growth factor delivery and nutrient exchange/ diffusion. The scaffold
must also be compatible with both the in vivo environment and
initial in vitro cell culture as well as interact with the healing tissues to
facilitate growth and development.

Various biomaterials, signaling factors, and growth factors may
also be added to the scaffold to enhance both the in vivo environment
and physical structure of the scaffold. Both of these factors will
promote tissue growth into a structure that replicates native tissue.
Lastly, the scaffolds must have the tensile strength and flexibility to
endure the physical stress of the tissue environment. All of these
factors influence cellular differentiation, adhesion, growth and
bioactivity of the scaffold for regenerative applications such as tendon

repair [142].

After the seeding and insertion of the scaffold into the native
environment, the cells must grow and conform with the native
tissue in order to regain the lost functionality. When a scaffold is
inserted into a target location, the first interface that occurs between
the scaffold and in vivo environment is protein absorption. The
proteins which are absorbed enhance the adhesion capabilities of
the scaffold. Cellular signaling may also occur through the integrin-
matrix proteins, a process called focal adhesion [142]. Next, in vivo
cells can adhere to the engineered scaffold via cellular signaling to
further promote the synthesis of new extracellular matrix along with
cell growth and differentiation [142]. The cellular adhesion process
is complex and is variable in regards to material surface properties
which include charge, softness, roughness, chemical composition and
wettability.

Surface properties

Surface hydrophobicity plays a crucial role in the interface with
the scaffold. Specifically, a more hydrophobic surface has been shown
to promote cellular adhesion compared to a less hydrophobic surface
[143]. In mouse models, hydrophobic surfaces have been shown to
promote better cellular spread, differentiation and proliferation [144].
The density and type of charge on the surface of the scaffold has also
been shown to alter the cellular surface attachment [145]. Jung et al.
found that as the surface charge density increased, proliferation rate
and adhesion rate increased [146]. Schneider et al. demonstrated more
adhesion and cell proliferation and distribution of fibroblasts and
osteoblasts with the use of positive charge secreting HEMA hydrogel
vs. hydrogels with negative or neutral charged molecules [147]. On
the other hand, chondrocyte proliferation and differentiation was
shown to be more prolific when negatively charged hydrogels were
incorporated [148]. Therefore, it can be concluded that the surface
charge holds a dynamic role in adhesion biology of in vivo scaffolds.
However, continued research is needed to better understand how
various cell lineages interact with differing surface charge polarity
and density.

Cell roughness is also seen to play a role in the cellular adhesion
process. Cellular spreading and proliferation of human osteoblasts
was improved on rough surfaces compared to smooth surfaces
[149,150]. Scaffold stiffness has also been cited to have an effect on
cellular proliferation and adhesion [61]. Marquez et al. showed that
the cellular interface with the scaffold can be actively modified by
cells inducing properties such as stiffness to resemble the native tissue
environment [151].

Conclusion

Tissue engineering proposes a solution for the stagnating
treatment options for tendinopathy. Years of research hasbeen putinto
synthesizing different materials to create scaffolds including metals,
bioactive glasses, natural and synthetic polymers. These scaffolds are
constructed through one of a variety or complex processes from 3D
printing to solvent leaching. These different mechanisms of creation
and materials used allow the scaffolds to embody different properties
including pore size, thermal stability, strength and pliability. This
allows for the utilization of tissue engineering in a multitude of in
vivo environments. The biocompatibility of scaffold can be improved
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by the addition of proteins and growth factors such as TFG-B and
IGF-1. Many different cell types are used to seed scaffolds depending
on the tissue of origin including tenocytes, multipotent stem cells
and induced pluripotent stem cells. The implications of scaffolds as
a delivery system are broad and include growth factors, cytokines,
genes, and antibiotics enhancing in vivo or in vitro growth and
bioavailability of seed cells. Scaffolds can be seeded and grown
either in vitro or cultured before insertion or injected or surgically
implanted into native tissue. The cells proliferate and interact with
native cells in order to heal the damaged tissue. These implications
are promising for the future treatments of tendinopathy as well as a
more broad use in the field of orthopedics.
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