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Tendon and ligament injury is a worldwide health problem, but the treatment options remain limited. Tendon
and ligament engineering might provide an alternative tissue source for the surgical replacement of injured
tendon. A bioreactor provides a controllable environment enabling the systematic study of specific biological,
biochemical, and biomechanical requirements to design and manufacture engineered tendon/ligament tissue.
Furthermore, the tendon/ligament bioreactor system can provide a suitable culture environment, which mimics
the dynamics of the in vivo environment for tendon/ligament maturation. For clinical settings, bioreactors also
have the advantages of less-contamination risk, high reproducibility of cell propagation by minimizing manual
operation, and a consistent end product. In this review, we identify the key components, design preferences, and
criteria that are required for the development of an ideal bioreactor for engineering tendons and ligaments.

Introduction

Tendons and ligaments have an important function in
transferring force from muscle to bone or bone to bone.

Tendons also help store elastic energy while walking, in-
creasing locomotion efficiency. However, sudden, excessive
strain of ligaments and tendons from athletic or recreational
activities can cause acute traumatic injury to these tissues,
which can range from small, partial tears to complete rup-
tures. Furthermore, repetitive loadings over long periods of
time can lead to similar tissue injuries, when the fatigue
damage within the tendon exceeds the capacity of the tissue
to repair itself. In the United States, injuries to tendons and
ligaments represent about half of the 33 million musculo-
skeletal injuries.1 Each year more than 33,000 tendon recon-
structions occur in the United States, costing $30 billion
USD2,3 and in Australia, $250 million is spent annually just
on rotator cuff repair.4 However, despite the high prevalence
of tendon injury and associated tendinopathy worldwide,
treatment options remain poorly defined.

Autograft and allograft transplantations are the common
surgical treatments for tendon and ligaments that are injured or
degenerated. However, the risks of damage to the donor site
from which the autografts are taken, and the potential immune

reactions for allografts are the major concerns.5–7 A promising
translational approach to the treatment of tendon/ligament
injury or degeneration is through the use of engineered autol-
ogous grafts made available through the development of bio-
reactors that generate tendon/ligament tissue in vitro. One
common view is that the key to a successful bioreactor is being
able to recreate, in vitro, the cell microenvironments that are
experienced by cells in vivo. The cell microenvironments can be
defined using cellular morphological information with data
from molecular biology, biochemistry, and biomechanics. This
review aims to clarify the requirements for a successful biore-
actor that may be used for tendon/ligament engineering, and
to provide an overview of the range of components found in
tendon/ligament bioreactors, including custom-made and
commercial products. We will also discuss the studies that have
involved the application of tendon/ligament bioreactors.

Key Elements for Tendon/Ligament Formation
and Regeneration

Tendons and ligaments are force-transferring tissues from
muscle to bone and bone to bone, respectively. They consist
of collagens, cells, proteoglycans, elastin, glycolipids, and
water. Although roughly 65%–70% of the total weight is
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water,8 tendon is a highly organized structure. Collagen type
I is the main structural/functional component and comprises
around 70%–80% of the dry weight. Type III collagen is
mainly present in the endotenon and epitenon, but is also
present in the early phase of tendon repair.9,10 Tendons and
ligaments are relatively hypovascular and hypocellular tis-
sues, with their cells (tenocytes and fibroblasts) comprising
< 5% of the total volume. The morphology of tenocytes and
fibroblasts is sharp and usually elongated along collagen fi-
bers in normal tissues, but some rounded tenoblasts are found
occasionally.11–14 Based on the composition and function of
tendon/ligament tissue, one must consider the four basic el-
ements for their successful regeneration: the cell source, the
characteristics of the scaffold matrix, and establishing an ap-
propriate chemical and physical cellular microenvironment.

An ideal cell source should meet the following three re-
quirements: availability, rapid proliferation, and the ability
to differentiate into in situ cells.15 Stem cells, dermal fibro-
blasts, and tenocytes have all been tested as potential cell
sources for tendon repair. In the past decade, promising re-
sults have been achieved using mesenchymal stem cells
(MSCs) in tendon/ligament engineering.16–23 However, the
potential for MSCs to also differentiate into osteoblastic cells
leading to ectopic bone formation raises concerns for their
application in tendon repair. Likewise, bone marrow-derived
MSCs that have been used in various studies24–28 also pose a
potential risk of ectopic bone formation.29 A recent study
demonstrated that embryonic stem cells (ESCs) can be in-
duced to exhibit a tenocyte-like morphology and express
tendon-related gene markers if exposed to an appropriate
biomechanical environment.2 Unfortunately, the clinical ap-
plication of ESCs is restricted due to their limited availability
(depending on the policy of different countries) and the
complexity of cell manipulation required. Dermal fibroblasts
have also been shown to form tendon tissue,30–32 although
further research has suggested that the healing process using
skin-derived fibroblasts is suppressed with a lack of tenocyte
markers and histopathologic correlations.33,34 Being native
cell sources, tenocytes and in situ fibroblasts are perhaps the
most ideal cell sources for engineered tendon and ligament
tissue, respectively. Preclinical and early clinical studies us-
ing these native cell sources are promising.35–42 In the most
recent clinical trial of autologous tenocyte therapy, a total of
25 patients with recalcitrant lateral epicondylitis were treated
with fibroblasts isolated from biopsied anterior cruciate lig-
ament tissue using a patented technique developed by our
laboratory. We found a 60% or greater improvement in both
the Quick DASH and pain assessment scores.43,44

Apart from the selection of the cell source, cell seeding also
plays an essential role in the development of engineered
tendon and ligament. Several reports indicate that sufficient
cell number and a uniform distribution throughout the
scaffold are desirable for achieving a homogeneous extra-
cellular matrix (ECM) deposition in vitro.45,46 Compared to
lower initial cell-seeding density, high seeding density has
been shown to result in increasing ECM deposition rate, a
higher final cell number and better cellular morphology.47,48

However, overseeding also has potential for negative effects
on nutrient delivery, and consequently cellular metabolism
and cell viability. Nutrient depletion at high cell-seeding
densities could lead to spatially in homogenous ECM pro-
duction.49 A study by Issa et al. showed that mechan-

ostimulated human umbilical veins seeded with 3 million
cells/mL had better cellular proliferation rates than other
groups.28 However, optimal seeding density will vary de-
pending on the cell source and the bioscaffold physical and
chemical properties, as these properties will affect nutrient
transport and rates of consumption, as well as the mechan-
ical and chemical stimuli provided to the attached cells.49

The construct scaffold plays on important role in engi-
neering the new tendon/ligament tissue. Ideally, the scaffold
should be able to provide substantial initial mechanical
strength for its immediate postimplantation functional role,
while providing a suitable biological environment for cell
migration and proliferation. Furthermore, the degradation
rate of the biomaterial needs to be comparable with the rate
of tissue synthesis, to allow the eventual replacement of the
starting scaffold with neotissue.

Both synthetic and natural biomaterials are commonly
used in tendon/ligament engineering. Synthetic polymer
scaffolds have the advantage of reproducible mechanical and
chemical properties, and they are relatively easy to fabricate
into different sizes.24,25,40,41,50 However, their rapid degra-
dation rate and potential risk of releasing acidic byproducts
or toxic polyesters during degradation have limited their
application in clinical trials. Given these disadvantages, more
researchers have turned their focus on exploring natural
biomaterials.19–21,37,51–54 Being the main component of native
tendon, collagen type I is the most obvious choice of mate-
rial. Although the biocompatibility is excellent, the poor
mechanical properties of reconstituted type I collagen scaf-
folds has limited their further development as a load-bearing
material. Silk fibroin, on the other hand, has similar bio-
compatibility as collagen scaffolds and comparable me-
chanical properties as native tendon/ligament. In several
in vivo studies, silk fibroin-based engineered ligaments have
been proven their ability to restore the function of injured
ligament.16,17,26 Another option is the decellularised tendon/
ligament construct. Although the mechanical and biological
properties are a better match to native tissue than any other
currently available scaffolds, donor cells may remain in the
allograft, even with strict sterilization and cleaning, and thus
they can potentially cause inflammatory responses.55,56

After choosing an appropriate cell source and scaffold type,
the tissue needs to be encouraged to develop the properties of
native tissue by providing an appropriate biochemical and
biomechanical environment to stimulate ECM synthesis. Re-
garding the biochemical environment, several growth factors
have been found to play an important role in tendon/ligament
formation and healing. These include Insulin-like growth fac-
tor-I, vascular endothelial growth factor, platelet-derived
growth factor, basic fibroblast growth factor, transforming
growth factor (TGFb), and growth differentiation factor 5
(GDF-5). The roles of TGFb and GDF-5 seem to be particularly
prominent. TGFb remains active throughout tendon/ligament
healing,57 and is able to regulate cell migration, proteinase
expression, fibronectin-binding interactions, cell proliferation,
and collagen production.57–60 Recent studies demonstrated
that tendon and ligament formation was impaired in TGFb2
and TGFb3 knockout mouse embryos, reinforce the importance
of TGFbs in tendon development and homeostasis.61 GDF-5
regulates cell growth and differentiation, with a lack of GDF-5
causing delayed tendon healing, irregular collagen type I fi-
brils, and weakened fibril mechanical properties.62–64
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How these various biochemical factors should be intro-
duced into the tissue bioreactor system to shape the chemical
environment is an extremely challenging and open question.
Specifically, at what concentrations, in what combinations,
and at what sequence or timing should they be made avail-
able? Studies have shown that the expression of these factors
in tendon repair changes over periods of days.65–67 Pre-
sumably, as the engineered tissue progresses, cells begin to
control their own biochemical environment, and the role of the
bioreactor is to now provide the building block nutrients and
expected systemic signals, along with a mechanical stimulus.
The early stage in the tissue-engineered tendon is likely to be
the most critical in establishing tendon development along a
pathway to resemble native tendon. Finding the correct
combination of factors is daunting due to the complexity
arising from the multitude of possible combinations and in-
teractions. Systematically, varying experimental conditions,
coupled with computational modeling of transport processes
and signaling molecule pathways leading to cell responses,
provide the only conceivable means to both understanding
and efficiently optimizing the tissue bioreactor system.

Tendon’s primary function is mechanical. It operates in a
varying load environment, both on short timescales (e.g.,
walking and running) and on longer timescales (e.g., changes in
body size with age). Tendon responds to its mechanical envi-
ronment through changes in ECM biosynthesis and degrada-
tion. Unsurprisingly, given its functional role, a suitable
mechanical stimulus is vital for tendon/ligament homeostasis.
In fact, it has been shown that after 4 weeks in a load-free culture
environment, tenocytes lose their native elongated morphology,
become increasingly rounded, and the collagen fiber becomes
more crimped.68 In cell-free reconstructed collagen fibril net-
work systems, a tensile load has been shown to be protective to
degradation by MMP-8.69 Furthermore, cyclic stretching has
been shown to produce an up to nine-fold increase in the cell
number of an engineered tendon compared with a static culture
over a 2-week period.23 Finally, an appropriate mechanical en-
vironment could help guide collagen fiber formation, that is,
along the direction of loading, which is able to enhance or op-
timize the mechanical properties, including stiffness, elastic
modulus, maximum tensile stress, and maximum force.19,31,36

Rather than being two separate signals, there is a crosstalk
between mechanical and chemical signals. Recent studies
have shown that gradual and temporary loss of tensile
loading leads to reversible loss of Scleraxis (Scx) expression,
which is a transcription factor specific for tenocytes and their
progenitors. In addition, it has been shown that TGFb di-
rectly induced the expression of Scx in cultured tenocytes
isolated from mice.70 In Scx - / - mice, a disordered limb
tendon phenotype was observed,71 and a similar phenome-
non happened in TGFb type II receptor gene knockout
(Tgfbr2 - / - ) mice with dramatic loss of Scx expression.61

Providing a suitable biomechanical signal is clearly an
important component for the success of tendon/ligament
engineering. Generating a suitable mechanical signal within
the bioreactor system is critically important for tendon/lig-
ament tissue engineering.

Bioreactor Design for Tendon/Ligament Engineering

Despite the increasing appreciation of tendon/ligament
biology and function, conventional culture methods do not

seem to meet the biochemical and biomechanical require-
ments to generate bioengineered tendon/ligament in vitro. A
bioreactor system that subjects the cell culture to dynamic
loading, mimicking the physiological conditions of tendon/
ligament in vivo, while allowing cellular proliferation, dif-
ferentiation, and matrix production in a mechanical envi-
ronment, may provide a solution.

Bioreactors for tendon/ligament engineering are different
to the systems that have been used in various other tissue-
engineering fields in the past decades, that is, systems for the
muscle,72 liver,73 and bone.74,75 Compared to other bioreac-
tors, the main task of the bioreactor for tendon/ligament
engineering is to provide the proper biomechanical and
biochemical environment specific to tendon/ligament for-
mation. To achieve this, certain basic components are re-
quired, that is, the actuating system and the culture chamber,
which can provide the construct’s mechanical stimulation
and controlled culture environment, respectively. Further-
more, the bioreactor may also include a medium circulation
system, monitoring system, feedback system, and a medium
analysis system, depending on the operational requirements
(Fig. 1). With these facts in mind, several custom-made bio-
reactors have been developed for tendon/ligament engi-
neering (see Table 1), and the aforementioned components of
these are now are discussed in detail.

Actuator and Culture Chamber Design

The actuating system is the main component for providing
different mechanical stimulation to engineered tissue.
Pneumatic actuators,19–21 linear motors,22,27 and step motor-
ball screws (SMBSs)2,42,76 are the most common actuators
used in tendon/ligament bioreactors. Pneumatic actuators
have several advantages, including the ease of maintenance,
cleanliness, low cost, and high power-to-weight ratio.77 Un-
fortunately, by using air as a medium, pneumatic actuators
are subject to high friction. The sensitivity and response to an
input signal are relatively slow because of the dead band and
dead time caused by stiction and air compressibility. Due to
these nonlinearities, it is difficult to achieve accurate position
control with pneumatic actuators.77 Typically, the accuracy
of pneumatic actuators is *– 0.1 mm, which is not insignif-
icant when typical tendon bioreactors require < 5% strain on
1–5-cm tissues. Compared with pneumatic actuators, elec-
trical actuators are more expensive, but the level of accuracy
in their positional control is much higher. A direct-drive
linear motor is able to provide high-speed/high-accuracy
linear motion by eliminating mechanical transmission,78–80

and the accuracy is the highest of all three actuators, that is,
*– 1mm. SMBS transmission systems are based on a ball-
screw linkage and a crank-slider mechanism. In general,
SMBSs transfer the rotation of the crank to a reciprocating
motion of the screw.81 By choosing different ball screws, the
optimal speed range and output force can be selected using
Equation (1), that is,

T¼ Fl

2p�
(1)

where T is torque applied to screw; F is linear force; l is ball
screw lead; and n is ball screw efficiency. Although SMBS is
not as accurate as a linear motor, a positional accuracy of
around – 5mm can still be achieved. In a multichamber-shared
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loading system, SMBS is widely used given its high accuracy
and relative high loading capacity.35,42,76 In independent
loading multichamber systems, linear motors are more
popular due to their small size and relatively simple me-
chanical arrangement.22,82

In the addition to the actuator, the connection between the
mechanical input and the tissue is vital and often presents a
major challenge. During dynamic loading of the tissue in
culture, an even distribution of force throughout the entire
sample is critical, otherwise tissue integrity is compromised
by overloading the mechanical connection regions and/or by
inhomogeneous mechanical stimulation. Different strategies
of applying mechanical loads have been adopted based on
different construct dimensions. In a study by Chen et al., cell-
seeded knitted silk–collagen sponge scaffolds were fixed on
stainless rings and connected to sample hooks.2 The biore-
actor system by Juncosa-Melvin et al. applied two posts to fix
the construct, punching through the scaffold as shown
in Figure 2.19 However, nonuniform construct deformation
is clearly apparent. Tensile force is focused on the side of
constructs, which causes uneven distribution of mechanical

stimulation. Although tissue clamps are the most popular
and relatively effective method for holding tendon con-
tructs,22,42,82 the potential for damage at the clamping region
needs to be considered. The method of reproducibly ap-
plying uniform loads to soft tissue without tissue damage
or slippage is a critical problem in need of a satisfactory
solution. It is our opinion that a robust clamping region
should be designed along with the artificial bioscaffold to
ensure the proper connection between the sample and the
mechanical load.

The culture chamber is an essential part of whole biore-
actor system. The high humidity of culturing conditions
(99% humidity, 37�C, and 5% CO2) and chemistry of the
culture medium are corrosive to many materials. Corrosion
products may in turn be toxic to the tissue. Therefore,
noncorrosive and autoclavable materials such as stainless
steel, polymethylemethacrylate, polyoxymethylene, poly-
carbonate, glass, and silicon are preferred and widely used in
culture chamber design.2,23,27,76,83

The chamber structure is an important consideration in the
bioreactor design, with most currently available culture

FIG. 1. Schematic
demonstration of connection
between different
components of tendon/
ligament bioreactor system.
Color images available online
at www.liebertpub.com/teb
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chambers divided into two groups: integrated42,83 and sep-
arated chambers.2,3,19–27,35,76,82 In integrated chambers, mul-
tiple samples are cultured while sharing the same culture
medium. Conversely, separated chambers can provide sep-
arate culture environments for each sample. Although the
complexity of design and manufacturing costs may be higher
in a separated chamber system, reduced cross-contamination
and the option of independent environmental control are
distinct advantages.

During tissue culture, sufficient air exchange within the
culture chamber is critical. Air exchange in conventional cell
culture incubators is through the integrated hydrophobic
filter of the culture flask and the gap between the leak and
the culture dish/well plate. Therefore, the ideal design for
the culture chamber should be similar. Like conventional cell
culture, an unsealed chamber bioreactor connects to the
outside environment through various ways,19,22,27,35 such as
the hydrophobic filter leak42 and the labyrinth channel (Fig.
3).82 In a study by Webb et al.,42 a modified tissue culture
flask was used as an integrated culture chamber, and could

culture up to four samples simultaneously. Although there
are potential risks of cross-contamination from different
samples and toxicity from autoclaving the culture flask, the
integrated hydrophobic filter leak can ensure adequate gas
exchange without inducing contamination. In the bioreactor
system used in Parent et al.’s research,82 a labyrinth channel
was added to improve the air exchange and eliminate con-
tamination as shown as Figure 3. However, in closed
chambers, air exchange mostly depends on medium circu-
lation, which is now discussed in the following section.

Environmental Control and Medium
Circulation Systems

Although to the best of our knowledge, no contamination
has been reported in any bioreactor study, transportation of
the bioreactor and opening of chamber for medium exchange
every 3 days, especially for multichamber systems, are still a
potential contamination risk. Therefore, a medium circula-
tion system can be introduced to improve the efficiency and
minimize these risks. In addition to the advantages of re-
duced contamination, a circulating medium may be better
able to infiltrate into cultured tissue. For example, perfusion
bioreactors used in bone engineering circulate the culture
medium for better nutrient delivery and subsequent im-
proved cell numbers.84–89 Similarly, human umbilical vein
cultured under a circulating medium had approximately
three times the cellular number as those cultured using a
quiescent medium.23

FIG. 2. Stem cell-seeded Collagen sponge deformation
during mechanical stimulation. Modified from reference 19.
Color images available online at www.liebertpub.com/teb

Table 1. Components of Custom-Made Bioreactor Systems

Reference
Actuating

system Culture chamber Monitor system
Feedback
system

Medium
circulation system

Medium
analysis system

76 Biaxial Multiple · · X ·
42 Uniaxial Single chamber, multiple

samples
· · · ·

19,20,21,3 Uniaxial Multiple Displacement · · ·
35 Uniaxial Multiple Force · · ·
22 Uniaxial Single Force · · ·
23 Uniaxial Multiple · · X ·
83 Uniaxial Single chamber, multiple

samples
Displacement Force · · X

2 Uniaxial Multiple · · · ·
27 Uniaxial Multiple Displacement · · ·
82 Uniaxial Multiple Displacement Force X · ·

FIG. 3. Schematic drawings of air exchange through the
labyrinth channel in the culture chamber. Modified from
reference 82. Color images available online at www
.liebertpub.com/teb
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A traditional incubator-based bioreactor and/or inde-
pendent bioreactor can be used for tendon/ligament engi-
neering. In an incubator bioreactor system, air exchange is
through the hydrophobic filter leak of the medium reservoir,
and proper CO2 and temperature level is controlled by the
incubator. Then, by circulating the culture medium, suitable
conditions can be applied to engineered tendon/ligament, as
shown in Figure 4.23 However, an independent bioreactor
system, as shown Figure 5, does not rely on an incubator to
control the culture environment. The percentage of different
gases (PO2, CO2, and N2) are controlled by air valves,76 and
the mixed gas is humidified first, and then passed into a
medium heater. Waste gas emission is transported through a
filter in the case of contamination. The prepared, warm cul-
ture medium is circulated through the bioreactor culture
chamber. For certain tissues such as cartilage, some specific
culture conditions are required. For example, under a low-
oxygen environment, engineered cartilage displays faster
matrix glycosaminoglycan deposition rate and better cellular
morphology, but with less dedifferentiation.90–92 The envi-
ronmental chamber allows researchers to manipulate differ-
ent culture conditions, thereby enabling a systematic study
of cell growth and differentiation into functional tissue.

Monitoring and Feedback Systems

The biomechanical properties of the final engineered ten-
don/ligament should be a central concern of bioreactor de-
sign, as the tendon/ligament’s functional role in the body is
primarily mechanical. The maximum load and elastic mod-

ulus are essential mechanical properties to evaluate the
suitability of engineered tendon/ligament. However, in most
studies, mechanical tests are performed only at the end of
tissue culture. For example, the stiffness of the constructs at
different time points during culture is rarely recorded or
assessed. The correlation between stiffness and tissue mat-
uration may provide a better understanding about how the
cell differentiates into functional tissue, and for this reason,
online stiffness monitoring is likely to be invaluable.

In tendon/ligament bioreactors, force measurement is
enabled using sensors called load cells,22,82,93 which are lo-
cated differently in various bioreactor designs. Load cells
located between the actuator and sample clamps,83 shown in
Figure 6A, requires high manufacturing accuracy, as the
friction between the shaft and culture chamber can induce
error. For fragile materials such as biological tissues, this
friction might be higher than the applied load. Conversely, a
load cell placed at the end of the culture chamber, shown in
Figure 6B, can minimize the fiction between the actuator and
culture chamber and also the fluid resistance during stimu-
lation. To acquire accurate data, load cell selection should be
based on the initial mechanical properties of the constructs.
Working with the sensitivity of the load cell, extra attention
is needed when manipulating the construct so as to avoid
causing damage to the load cell through overloading.

In addition to force monitoring, tissue displacement is
another important variable that requires monitoring. Linear
variable differential transformers and optical decoders are
commonly used position sensors.19,82 Although the motion
of actuating systems is preprogrammed, overload of the
actuator and manual misoperation can cause desynchroni-
zation between the program and actual stimulation. The real-
time displacement monitor can produce a full record of
stimulation position, which then allows researchers to track
if there are any unusual features in the results. Another
function of the position sensor is to provide feedback of the
displacement information to the actuator control system to
correct for any desynchronization.82 Critically, by monitor-
ing load and displacement, real-time stiffness during en-
gineered tendon/ligament culture can be estimated.

Lastly, imaging the construct might be a potentially im-
portant monitoring method that can be adopted in bioreactor
systems. Two imaging modalities, the confocal microscope
and optical coherence tomography, are potential candi-
dates.94,95 However, sample deformation induced by me-
chanical stimulation can cause image shift resulting in poor
focus or loss of image. Imaging dynamic sample is extremely
difficult in conventional bioreactors, as features of interest
(e.g., cells) soon leave the field of view. Techniques need to
be developed to move the sample and microscope together.
This can become difficult, especially, when doing in situ
imaging of a tendon tissue culture.

Commercial Bioreactor Systems for Tendon/
Ligament Engineering

Recently, commercial tendon-/ligament-engineering bio-
reactor systems have become available. As discussed above,
these basic principles are applied to customized bioreactors;
however, with greater design input and advanced
manufacturing techniques, commercial products are able
to provide more accurate and complex environments for

FIG. 4. Schematic illustration of an incubator bioreactor
system. Suitable temperature, humidity, and CO2 level of the
culture medium are maintained by the incubator in the me-
dium reservoir. The medium is circulated by a pump. The
waste valve is closed normally, and it will open during
medium exchange. Color images available online at www
.liebertpub.com/teb
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FIG. 5. Schematic diagram of an independent bioreactor system. Suitable temperature, humidity, and CO2 level of the
culture medium are controlled by the environmental chamber. Cold culture medium is pumped to the environmental
chamber for heating and then circulated through the culture chamber. The waste valve is closed normally, and it will open
during medium exchange. Color images available online at www.liebertpub.com/teb

FIG. 6. Load cell position in
different bioreactor systems. (A)
Load cell is located between the
actuator and sample clamps. (B) A
separate load cell placed at the end
of culture chamber system. Color
images available online at www
.liebertpub.com/teb
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tendon/ligament culture. To our knowledge, two relatively
complete commercial bioreactor systems have been devel-
oped recently: The Bose� ElectroForce� BioDynamic� sys-
tem and the LigaGen system.

The Bose ElectroForce BioDynamic test instrument provi-
des an accurate programmable uniaxial stretching stimula-
tion and a controllable medium circulation environment to
engineered tendon/ligament, which theoretically can be
adjusted to mimic the in vivo biomechanical environment.
With a load cell and optional laser micrometer, this biore-
actor system is able to monitor the force/strain curve of
engineered tendon/ligament during the culture period. Two
different force and displacement ranges are available. Single-
chamber and multiple-chamber systems with shared or
independent loading are optional. As there are culture
chambers compatible to the Bose testing devices such as
ElectroForce 3200, biomechanical tests can be done at dif-
ferent time points without disruption of the tissue culture
(www.bose-electroforce.com).

The LigaGen system is a lightweight (< 3 kg) incubator-
compatible bioreactor. It is capable of applying a maximum
force of 40 N to the tissue sample and simulating complex,
and presumably more physiologically realistic, loading pat-
terns. Two systems are available from LigaGen. L30-1 · is a
single-culture model, which has a 23-mL-internal-volume
chamber for single-tissue culture, and the L30-4C is a multi-
ple-culture model with an 80-mL chamber for shared dynamic
culture on two or four samples. The standard medium circu-
lation system can reduce contamination risk during medium
exchange. Rather than being a comprehensive system, the
bioreactor is extensible to suit individual needs, by adding
various components to the (universal) basic model as re-
quired. With an accessory tissue-monitoring sensor, this sys-
tem is able to achieve real-time measurements of the sample
stiffness during culture. If flow control is necessary, extra
control systems can be installed (www.tissuegrowth.com/).

However, there are some disadvantages in the commercial
bioreactors. First, the fixation mechanism to stabilize the
tendon tissue in the bioreactor cannot be adjusted. Tissue
clamps provided in the commercial bioreactor systems can
become less effective when it comes to the use of a cylindrical
scaffold. Secondly, capacities of the chamber and mechanical
input are limited, and they can only host small-animal tis-
sues. This may restrict clinical development. Moreover, some
ligaments, such as the anterior cruciate ligament, are not only
subjected to tensile force, but also to rotational loading, and
none of the commercial bioreactor systems provide the ad-
dition of torsional loading. Lastly, full-scale commercial
bioreactor systems are expensive, and for most of the time,
not all of the functions they provide are commonly used in
every study.

Ideal Bioreactors for Tendon/Ligament Engineering

The ideal bioreactor should be able culture tendon- and
ligament-like constructs, which are well-organized, cell-
seeded assemblies of collagen bundles with mechanical prop-
erties functionally similar to the native tissue. Autologous
cell-seeded constructs are biologically compatible, and able
to provide mechanical support similar to native tissue, and
consequently, they are widely studied in tendon/ligament
engineering. However, induction of cell-directed collagen

fiber reorganization and assembly of collagen bundles are
two important impediments to this approach. Mechanical
tensile loads can help provide the necessary signals to cells to
increase collagen synthesis, spatially organize of the collagen
along the primary stress direction, and stabilize collagen
from collagenase degradation.22,96,97 Moreover, proper me-
chanical stimulation can upregulate different proteoglycans,
such as decorin, biglycan, fibromodulin, and fibronectin,
which help the cells organize the parallel collagen fibrils
forming bundles.42,98–101

The host body is in many ways the ultimate bioreactor for
all engineered tissues. The study of Juncosa-Melvin et al.
indicated that the maximum force of engineered patellar
tendons increased more than 3000 times after 2 weeks of
implantation in rabbits,19 and to date, none of the bioreactors
have been able to accomplish this outcome. Therefore, an
ideal bioreactor should aim to mimic the dynamic bio-
chemical and biophysical environments in vivo. In musculo-
skeletal tissue engineering, various bioreactors have been
developed. For instance, muscle tissues are not only sub-
jected to mechanical stretching, but also able to receive the
electrical impulses to simulate inputs from the central ner-
vous system,29 and mechanical and electrical stimulation
bioreactors have been developed based on mimicking the
in vivo environment.102,103 Compared to muscle, the in vivo
environment is comparatively less complex in tendon/liga-
ment and appears to require only passive mechanical input.

Summarizing, the ideal tendon-/ligament-engineering
bioreactor that enables systemic research should integrate all
aforementioned components (Fig. 1). The bioreactor should
have culture chambers and an actuating system, but also be
fitted with a medium circulation system, an environmental
system, a monitoring system, a feedback system, and a waste
medium analysis system. This bioreactor should first be able
to provide not only a multiple, suitably sized. and sterilized
chambers for tissue culture, but also accurate and program-
mable mechanical stimulation. Tensile strain and rotation are
needed to mimic different in vivo tendon/ligament loads.
Second, the circulated medium should infiltrate into tissue
better than a static medium configuration, and the circulation
system needs to reduce the risks of contamination during
medium exchange and drug delivery. Moreover, environ-
mental control, such as PO2, CO2, and pH level, allows re-
searchers to explore the impact of different culture
conditions on tissue maturation. Third, a monitoring system
should provide the real-time status of cultured tendon/lig-
ament, such as force and displacement, and based on these
data, adjustment of mechanical stimulation by use of a
feedback system. Fourth, through analysis of the waste me-
dium, nutrient consumption needs to be evaluated, which
may enable the changing of the medium base at different
stages as required, rather than fixed, regular medium ex-
change every 3 days. Finally and importantly, the best pat-
terns of mechanical stimulation for culturing engineered
tendon/ligaments need to be defined.

Investigation of Evidence

Since the first 3D engineered tendon/ligament bioreactor
system published by Altman et al. in 2002, the effect of me-
chanical stimulation on the engineered tendon/ligament has
drawn a lot of research attention. In the past decade,
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dynamic loading of culture in bioreactor systems has been
proven to have been a significant development in producing
an engineered tendon/ligament. Indeed, various studies
have been performed using bioreactor systems and have met
with considerably success, and these are summarized in
Table 2. Compared with static culture, the tissue produced
using dynamic mechanical stimulation has a better cell
morphology, including elongated cellular morphology and
increased cell density. The mechanical properties of en-
gineered tendon/ligament, such as tensile strength and
elastic modulus, are also greatly improved by cyclic loading
of the tissue culture, as is the microstructure of the extra-
cellular matrix, such as collagen fiber alignment. Gene ex-
pression is also positively influenced by cyclic mechanical
stimulation. For instance, collagen I expression under dy-
namic loading is three times higher than static culture in 2
weeks.83 Although cyclic stretching has been proven to be an
effective way to stimulate the engineered tendon/ligament
culture, the optimal stimulation pattern is still unknown.
Nirmalanandhan et al. revealed that a 2.4% strain cycle
consisting of 3000 cycles per day produced the best linear
stiffness in rabbit MSCs seeded in type I collagen sponge.21

However, from the perspective of Butler et al., the stimula-
tion pattern should be adjusted based on maturation of the
engineered tendon/ligament, with higher dose loading ap-
plied at the later stage of tissue culture.83

Conclusion

The goal should be to create a construct with similar mi-
crostructure and mechanical properties, as native tissue, us-
ing bioscaffolds and autologous tenocytes. However, a
tendon-like uniorientated collagen structure cannot be
achieved without a mechanical stimulus within the culture
environment. Traditional culture techniques do not provide
this mechanical stimulation. The use of a bioreactor system is
able to bridge the gap between in vitro and in vivo systems by
creating suitable biochemical and biomechanical environ-
ments. Although it is clearly very difficult to reproduce the
in vivo microenvironmental conditions exactly within the
bioreactor, the goal is to mimic the in vivo biomechanical
condition as closely as possible. The essential components of
a tendon-/ligament-engineering bioreactor are the actuating
system and culture chamber, which are responsible for the
mechanical stimulation and providing sterilized environ-
ment for tissue culture. For better manipulation of the culture
environment, accurate stimulation and more precise report-
ing of mechanical maturation of engineered tendon/liga-
ment, an environmental control system, medium circulation
system, monitor, and feedback system need to be included.
As bioreactors nowadays are becoming more focused on
preclinical research, using these clinically in the future still
presents a substantial challenge. Tissue engineering requires
substantial system optimization to achieve a reproducible
functional engineered tendon/ligament consistently. This
process is difficult and expensive in animal models, let alone
in humans. However, there are additional problems in
moving from small-animal models to humans related to the
physical size of human tissue samples. Issues of nutrient
transport, cell source, and spatial heterogeneity of scaffold
properties and cell stimulation become more prominent in
these larger tissues.

However, all the evidence suggests that by using biore-
actors as described above, it will be possible to successfully
produce engineered tendons and ligaments. When this oc-
curs, we will be able to manufacture basic multichamber
bioreactors with accurate and appropriate patterns of me-
chanical stimulation, which are affordable, and have low
maintenance costs that can be used in commercial settings.
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