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Abstract
Researchers have developed in vitro bioreactor systems that can more
closely simulate the native in vivo cell environment.

These systems allow

better understanding of the complex interactions between cells and their
environment, and can lead to the development of more physiologically
relevant engineered tissues. A novel bioreactor was previously created in
our lab to subject up to four individual cellular constructs at a time to
mechanical stretch, while allowing the ability to perform nondestructive
imaging throughout the course of experiments. The goal of this project was
to improve the design of the cell culture chambers, facilitating an extended
duration of experiments and the multiplexing of simultaneous experimental
groups. Validation studies were carried out to four weeks of mechanical
stimulation, surpassing the ten days published with the previous system. Silk
yarn constructs were seeded with MSCs and broken into three experimental
groups according to duration.

Each group contained four stretched

constructs and four static controls. Confocal imaging throughout the process
tracked cell growth and mechanical failure testing at the endpoints
confirmed the changes in the biomaterial properties. The stretching was not
shown to yield statistically significant differences in material properties, but
time was a significant factor. The results show that the system is capable of
long‐term experiments, and may easily be adapted to vary experimental
conditions.
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1. Introduction
1.1 The role of mechanics in tissue formation and ECM remodeling
The role of mechanics in tissue formation and development has long
been recognized, yet is not completely well understood. It is known that cells
translate exterior mechanical cues into biochemical signals in a process
termed mechanotransduction[1–6].

Mechanical signals are closely

associated with early development, tissue generation and repair [7],
mesenchymal stem cell (MSC) differentiation[8], [9], and extracellular matrix
(ECM) remodeling [10]. Better understanding of the underlying mechanisms
that control these processes would advance the ability of researchers to
construct better and more mechanically robust tissues for purposes such as
disease/injury modeling or implantation into humans. Understanding how
the cells interact with each other and their environment will also allow
engineers to develop better biomaterials to serve as scaffolds.
It is important not only to study the cellular responses to mechanical
stimulation, but to analyze their matrices as well. The ECM is a network of
proteins, such as collagen, fibronectin and laminin, that not only provides
structural support for cells, but also plays a role in their morphology and
differentiation [4], [11–14].

Mechanotransduction is an interactive and

dynamic process that includes a complex relationship between a cell and this
environment [1], [3], [15], [16]. Cells use focal adhesion complexes to attach
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to binding domains in the ECM, such as Arginine‐Glycine‐Aspartic Acid (RGD)
[12], [17], [18]. Cells are able to sense the elasticity or stiffness of the
environment by exerting force through these focal adhesion contacts and
measuring the resistance offered with internal mechano‐transducers. The
exact mechanism by which this occurs is not thoroughly understood, but
proposed models include changes in protein conformations of the focal
adhesions, biochemical signaling, or activation of calcium channels [1], [3],
[9], [12], [19]. This may be an evolving process, as cells secrete their own
matrices in response to this and other stimuli, potentially also effecting
surrounding cells.
Researchers have highlighted the importance of studying cellular
mechanics in three‐dimensional environments that more closely mimic their
native environment, as results may be more accurate, conflicting with those
obtained in standard tissue culture plastic[12], [20–22]. Recent studies have
shown in vitro how matrix stiffness and other properties affect MSC
differentiation.

Using the same growth conditions, but varying matrix

elasticity, Engler et al were able to direct MSCs towards neural, muscular,
and osteogenic lineages [9]. Another study used the same material with
altered

size

and

topography

to

induce

either

differentiation

or

proliferation[23]. Studies like these allow tissue engineers to harness this
information to tune the properties of biomaterials to induce tissue growth in
vitro to desired properties.

3

Well‐designed scaffolds alone have been shown to be insufficient to
grow functional tissue that matches the mechanical strength of native
tissues.

However, studies show that mechanical loading comparable to

forces seen in vivo may enhance the effects and close the gaps toward
physiological properties [21], [24], [25]. Even native decellularized tissues
failed to regenerate to their own original strength based on their matrix
components alone [26], [27].

Studies that have incorporated relevant

external forces, such as uniaxial and biaxial tension[6–8], [24–39] have
reported varying degrees of enhanced results in increasing construct
strength or inducing cell differentiation. Another study was able to improve
the mechanical strength of a sheet of cells without an exogenous scaffold at
all [40]. While the use of applied tensile forces has obvious orthopedic
applications, it also has significant implications in other areas, such as
smooth muscle regeneration.
External forces may be transmitted from the ECM to the cells through
focal adhesions. Contact with surrounding cells such as cell‐cell junctions
and other connections forming the surrounding network also transmit
force[1].

Due to this interconnectivity and propagation of signal

transduction, it is not necessary for a cell to be directly impacted by the force
to elicit a response. In vivo, these mechanical cues are associated with tissue
formation during development, and are associated with healing and
remodeling later in life. Studies in vitro have shown an ability to use forces to
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promote cell alignment by causing the cells to alter the arrangement of their
cytoskeletons[25–27], [40–42].
Mechanical stimulation is closely associated with stimulation of
matrix metalloproteases (MMP), a family of proteins expressed by cells
either as secretions or transmembrane peptides [25], [33], [43], [44].

They

are tissue specific enzymes that are capable of degrading ECM proteins and
are classified according to their substrates—i.e. collagenases, gelatinases, etc.
Proteolysis of matrix components and cell surface molecules allows MMPs to
activate or regulate adhesion molecules, matrix binding domains and growth
factors, affecting mobility and function of the cells[44], [45]. Different types
and magnitudes of force are associated with activation of specific MMPs, as
well as varied TIMPs, which are specific MMP inhibitors. It is the dynamic
interplay between the two and the ability of the cells to create new matrix
components that help regulate ECM formation and remodeling [12], [44],
[46], while an imbalance may lead to disease states such as arthritis and
other inflammatory or degenerative diseases [44], [47].

1.2 Bioreactor Systems
Advanced culture systems that recreate environments more
physiologically relevant than standard tissue culture plastic have become
increasingly prevalent. Scaffolds created from biocompatible materials can
be used to mimic ECM architecture, while other exogenous physical stimuli
can be introduced via systems known as bioreactors. These systems allow
researchers the ability to control factors such as mechanical cues for
5

applications from modeling biochemical pathways to growing functional
tissues. This work will be focused specifically on tensile strain.
Bioreactors that can induce mechanical strain are commercially
available in multiple formats. These systems offer advantages such as being
characterized in previous publications[26], [35], [39] and optimized for
reproducible results, in addition to having the technical support and
resources of their manufacturers. However, there are also many drawbacks
such as size and throughput limitations[48], as well as little room for
customizations. Cost is also a limiting factor for many labs, as some systems
come with price tags upwards of $20,000 before adding the price of
consumables. These issues have prompted many labs to design their own
custom systems based on their individual needs.
The duration and scope of experiments featuring the use of
bioreactors for mechanical strain in the current literature leave room for
improvement. To date, only one study exceeded a fourteen‐day period of
mechanical stimulation [24] in either custom‐made or commercial
bioreactors.

While this has shed light on some of the immediate

ramifications of mechanical stimulation, and identified potential signaling
pathways, the average duration is likely not enough time to develop
functional tissues of clinical relevance or evaluate long‐term behavior.
Mesenchymal stem cells, for example, typically require at least fourteen days
to differentiate in vitro under growth factor induced differentiation
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conditions. This is also not enough time for cells to fully remodel or degrade
most biomaterials without biochemical intervention [25], [38].
Regardless of the duration of the experiments, evaluation of the
effects of mechanical stimulation in most systems is limited to endpoint
analyses. Few studies have reported systems that were capable of non‐
destructive analyses, such as compatibility with basic microscopy[49–51].
Without these capabilities, it is difficult to monitor cell viability, construct
condition, or contamination within the systems. Transient or reversible
responses would also be missed unless caught at precisely the correct time
[51], and may cause discrepancies in data if only brief snapshots are
provided by endpoint analyses [50] such as histology.
The need for a system that is capable of housing and mechanically
stimulating engineered cell constructs while adding the capability of
nondestructive imaging prompted our lab to design a custom bioreactor[6].
This work details design optimizations made to improve this system and
allow for longer experiments with larger samples sizes.

1.3 Statement of Purpose
The main goal of this project was to optimize the design of a
previously developed bioreactor system capable of subjecting cell‐laden
biomaterial scaffolds to mechanical strain.

Design improvements that

increase usability and durability were implemented to extend the duration
and scale of experiments. In doing so, these improvements would allow
7

engineers the ability to study the long‐term effects of mechanical stimulation
on cell behavior and biomaterial degradation, as well as potentially develop
viable tissues in vitro suitable for human implantation.
The second goal was to successfully carry out full studies using the
bioreactor, extending both the duration and the scale.

The ability to

complete a four‐week period of daily mechanical stretching of multiple
simultaneous groups without losses due to leaks or contamination was
determined to be the primary marker of success. This would surpass the
previous milestone of ten days in the original version of the bioreactor, while
matching the longest duration of previously published studies.
In proving that the system is functional and can house cell culture for
an extended time, the experiments were designed to examine differences
observed in cell behavior and biomaterial properties caused by mechanical
stimulation. Silk yarns seeded with MSCs were chosen as the scaffolds that
would be stretched on a daily basis. This is to follow up previous studies by
matching the cyclic tensile strain profile previously published [6], [38],
originally designed to simulate forces felt by ligament grafts post‐ACL
surgery.
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2. Background
2.1 Current and available bioreactor systems
Commercial systems are available to apply mechanical stimulation to
cell constructs. The FlexCell bioreactor is commonly used system that uses
vacuum pressure to introduce uniaxial or biaxial stresses to the silicone
membranes of specially designed plates resembling those typically used for
cell culture. In addition to being pricey consumables, these plates create
restrictions on the studies that can be accomplished with this system. Many
studies have been published using the system to study the effect of
mechanical strain on cells with various coatings on the plates [26], [27], [35],
[36], [39]. However, any studies attempting to examine the interaction of the
cells with a particular biomaterial scaffold must modify the system
themselves[35]. One group reported difficulty in seeding cells onto the
membranes, and only certain cell types adhered satisfactorily [27].
Other commercial systems include Strex (B‐bridge International),
Electroforce (Bose), and TGT bioreactors (Tissue Growth Technologies).
The Electroforce and TGT bioreactors differ from the Flexcell system in that
they use clamp based systems, resembling the larger load frame based
electromechanical testers such as an Instron (Instron, Inc.). Few published
studies exist that reference use of these systems, as each has its own
limitations—not the least of which is cost. Many labs have created custom
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bioreactors to suit their own various needs where commercially available
systems like those previously described have fallen short. To date, only a
handful of systems are compatible with imaging techniques that allow a
window into the behavior of the cells [6], [49], [50]. Those that do allow
imaging access are typically limited by size or are too specialized to be
scalable into multiple applications. Table 1 summarizes papers published in
recent years, highlighting the type of mechanical forces and if they have
imaging capabilities, as well as the duration of their mechanical studies.
Table 1 Summary of recent publications describing use of bioreactors to induce mechanical
strain on cellular constructs.

System Type
Tissue Growth
Technologies
Flexcell
Custom

Publication

Capabilities

Maximum
Stretch

Saber et al, 2010 [26]

Uniaxial strain

5 days

Huang et al 2009 [39]
Riboh et al 2008 [27]
Nathan et al, 2011 [52]

Uniaxial strain
Uniaxial strain
Uniaxial strain

5 days
7 days

Doyle et al, 2009 [28]
Qi et al, 2009 [53]
Kasper et al, 2007 [45]
Hu et al 2009 [49]

Equibiaxial
4 pt bending
Uniaxial strain
Biaxial strain, in‐situ
microscopy
Simultaneous imaging and
stretching, confocal
Tension, torsion
Uniaxial strain, microscopy
compatible
Uniaxial strain

Paten et al, 2011 [50]
Moreau et al, 2008 [25]
Kluge et al 2011 [6]
Kearney et al, 2008 and
2010 [7], [34]
Matziolis et al, 2006 [54]
Sawaguchi et al, 2010 [29]
Baker et al, 2011 [24]

Uniaxial strain
Tension, torsion
Uniaxial strain

<1 day
2 days
2 days
3 days
6 days
6 days
9 days
10 days
14 days
14 days
14 days
28 days
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2.2 Custom‐designed mechanical bioreactors at Tufts
2.2.1. Altman Bioreactor
Altman et al developed the first generation bioreactor in our lab to
induce mechanical stimulation. They created a system for creating ligament
constructs based on a clinical need for improved anterior cruciate ligament
(ACL) replacements. It induced tensile and torsional forces in up to twenty‐
four separate, enclosed chambers [25], [55]. One major drawback was that it
could not be inspected or analyzed without taking the construct apart, thus
sacrificing the samples without any intermediate data. Additionally, the load
cells lacked sensitivity for softer material formats commonly used within
tissue engineering labs, such as silk and collagen.
2.2.2. Kluge Bioreactor
Device Overview
As a follow‐up to the Altman bioreactor, Kluge et al [6], [38]
developed one of the first reported systems mechanical system capable of
nondestructive imaging. This system features separate and easily portable
cell culture chambers that are specifically designed to be compatible with
advanced imaging techniques, such as confocal microscope for fluorescent
imaging, multiphoton microscopy, and second harmonic generation. These
chambers can be anchored to a stretching platform where mechanical force
is applied within the cell culture incubator. An overview of the system is
provided below in Fig. 1.
11

Figure 1. Illustration reproduced from Kluge et al, 2011 [6]. The top section highlights the
stretching modality, featuring a platform of four load cells and four stepper motors. Force data
is transmitted from the load cells (Honeywell, Model 31) to the Labview program that controls
the stepper motors. The chambers can be removed from this platform for imaging, as shown in
the bottom panel. The chamber features a 1.5 cover glass compatible with confocal and
multiphoton microscopy.

The stretching modality of the bioreactor system can mechanically
stimulate up to four individual chambers at a time (Fig. 1, upper). These
chambers are secured to a stretching platform that is designed to fit in a
standard incubator under normal culture growth conditions. Four stepper
motors (35000 Series, Size 12 Linear Actuator) use back and forth linear
motion to pull on connected stainless steel rods. These rods are connected to
clamped cell constructs, of which the other sides are fixed to a load cell. The
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motion causes tensile strain to be transmitted through the scaffold.

The

motors are controlled by a custom‐designed LabView program, which allows
the user to input desired parameters such as strain rate, % strain cutoff,
duration of stimulation, and preload.

While the motors are stretched

individually, they are not able to undergo different simultaneous stretching
profiles. Communication with the load cell, however, does allow the program
to adjust according to differences in length or resistance in order to ensure
that each sample is receiving the correct strain.
The tensile load cell (Honeywell, Model 31) is connected to a second
rod clamped to the opposite end of the cellular construct. As the motor pulls
on the constructs, the load cells reads the force applied up to 2.5N and feeds
back to the Labview Program. This data is used to continue communicating
instructions to the motors, and it is recorded into an excel file.
The design of the chambers will be discussed in further detail in the
following chapter. They are designed to house cell constructs as individual
self‐containing units made out of fully sterilizable materials. They maintain a
liquid‐tight seal, while remaining optically accessible.

A #1.5 coverslip,

typically used for confocal microscopy and thin enough to meet the working
distance requirements, forms the imaging window for inverted microscopes
(Fig. 1, bottom left). The lid also incorporates a larger standard microscope
slide to allow the appropriate entry or forward scattering of light. These
features have allowed the users to perform nondestructive examinations
throughout the course of experiments, using fluorescent dyes and intrinsic
13

autofluorescence of biomaterials such as silk. Basic confocal microscopy is
capable of taking images at user defined step sizes, capturing optical sections
that can later be rendered into 3D projections or averaged into detailed 2D
images. Multiphoton techniques can be used in a similar manner to achieve
better depth.
System limitations
The Kluge bioreactor achieved most, if not all, of its original goals.
The imaging modality and the stretching modality worked well as described.
However, as will be discussed in the next chapter, the culture vessel
presented challenges to the user that may have prevented the system from
reaching full potential.

The longest studies published for this system

included only up to ten days of stretching [6], [38].
Contamination and media leaks were a problem for some users during
follow‐up studies, wasting time and resources, and slowing additional
progress. Difficulties with the system prompted a process of revisions for the
system chambers and other smaller details, while the function of the
stretching modality remains unchanged.

One of the key goals for the

revisions is increasing usability of the cell culture chambers, thus reducing
contamination and increasing the duration and scale of the experiments
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3. Bioreactor Design
3.1 Introduction
No matter how good a design is in theory, its usability often drives the
success of its implementation. Making the chambers more user‐friendly was
one of the main overarching goals, and multiple changes were made to both
the design and materials in order to achieve the following primary
objectives:
1. Extend the duration of experiments by improving sterility and loss
of samples due to leaks of the media reservoir
2. Increase the potential to scale up to larger sample sizes by
simplifying the aseptic assembly process
3. Provide a means of exchanging media without opening the system
4. Be adaptable for various biomaterials and scaffolds

The main revisions to achieve these objectives are highlighted in
Figure 2C. Media exchange ports were added to eliminate the need to open
the chamber for media changes, thus reducing unnecessary exposure to the
external environment.

The number of parts that need to be assembled

aseptically post‐sterilization was reduced to streamline the assembly process
that occurs inside the tissue‐culture hood. This also decreases the overall
burden of assembly time, making scale up more feasible and user errors less
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likely. Custom molded bellows were designed and fabricated to shield the
greased actuator rods, preventing the exposure of moving non‐sterile
components from contacting the sterile environment inside. Figure 2A and B
shows side‐by‐side comparisons of the original and modified stretching
platforms fully assembled with cell culture chambers.
A.

B.

C.

Figure 2. Side‐by‐side overview comparison between the original Kluge stretching platform
setup (A) and the revised one detailed in this thesis (B). Adjustments to the dimensions and
layout of the platform were made to accommodate the additional width of the chambers. A
close‐up photograph of a revised chamber highlights key features (C). The arrows on the left
show the three main components to be assembled asepetically: lid assembly, chamber housing,
and base assembly. The bellows, gas exchange ports, and media exchange port are indicated on
the right side of the figure.
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All changes were implemented while taking several types of
important factors into consideration. Compatibility with biological samples,
as well as the available sterilization techniques that such a system requires,
is critical. Tufts has multiple autoclaves available, which use high heat steam.
This method is quick and effective on a wide variety of materials. However,
not all materials are able to withstand the high temperatures or extremely
humid environment. Ethylene oxide is a second option available that does
not expose the materials to such extremes. This method, however, is highly
toxic and requires a lengthy degassing phase. The capacity of the chamber is
also limited, likely requiring multiple batches to prepare for an experiment.
An alternative, the Sterrad system, uses low temperature hydrogen peroxide
plasma and is used at the Tufts Medical Center to sterilize surgical equipment
and medical devices. Unlike ethylene oxide, this sytem does not require a
degassing phase. Studies have shown limited long‐term effects to commonly
used materials after repeated exposure. Soaking in 70% ethanol is perhaps
the most readily available and convenient option.
All materials used are FDA ISO 10993 certified for biocompatibility, or
already established for similar applications, or have been tested in‐lab for
potential cytotoxic effects. These materials should also be compatible with
manufacturing and tooling methods that are readily available.

Tufts

University has a fully staffed machine shop on campus, therefore materials
and design elements were chosen according to available tools. A rapid
prototyping 3‐D printer (Dimension SST 1200, Stratasys, Inc.) is also
17

available for other custom applications, such as creating prototypes or
creating casting molds.
Size constraints also contributed to the design and choice of materials.
These chambers are updates to a previously existing system, and so it is
desirable that they fit within the original framework to avoid extensive
changes to the stretching platform. In addition to limits imposed by the size
of the incubator, compatibility with the various imaging techniques likely to
be employed by users was also considered. The Leica DMIRE2 inverted
confocal microscope presents the tightest restrictions because the chambers
must fit in a short clearance between the stage and the condenser. Besides
physically fitting in with the optics, this type of microscope also has
additional requirements for effective imaging, including the close proximity
of the sample to the objective lenses. For example, the 10x objective in our
system requires a working distance of 0.109 in (2.75mm), while higher
magnification lenses require even shorter distances.

Figure 3. An isometric illustration of a fully assembled chamber in position for imaging using an
inverted microscope (A). The small distances between the stage and condenser are visible (B),
as well as between the stage and the objective. This working distance may vary depending on
the position of the objective, whose range of motion is indicated by the dashed arrow.
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This chapter will further detail the changes in design and materials
that have been made. The changes focus primarily on the chambers that are
used to house and stimulate the cells. Figure 4 shows a completed chamber
setup, as well as an exploded view with major dimension. Further details of
the revised chamber components, materials, and size specifications and
schematics are included in the Appendices.

Figure 4. Isometric overviews showing complete setup (A) and exploded view with dimensions
(B). Dimensions are given in inches.

3.2 System connections
While the majority of the revisions to the system were made to
specific components of the cell culture chambers, changes have also been
made to improve the function and assembly of the bioreactor system as a
whole.

Maintaining the proper conditions within the incubator was often

difficult with the previous system because the handling of the chambers
required users to spend more time with the incubator open than is typically
recommended in cell culture. This potentially affects the temperature within
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the unit, and increases the risk of exposure to contaminants from the
external environment.
Proper sterilization of the incubator requires full removal of the
stretching platform. The complicated setup involves four motors and four
load cells fixed to the base, totaling eight cords running through a port in the
back of the incubator.

The cords connect to the motor and load cell

controllers, making frequent complete removal difficult and impractical. All
the cables would need to be detached from these units and fed back through
the incubator. Cutting the cords near either the load cell or the motor and
adding pin‐and‐socket connectors (Fig. 5b) have made the removal of the
platform a straightforward process that no longer requires disconnecting
anything outside the incubator.

A.

B.

Figure 5. Illustrations showing changes to the bioreactor setup within the incubator. Keyhole
slots (A) on the stretching platform allow the chambers to be slipped over the screws and then
slid toward the back, as indicated by the dashed arrows. The entire stretching platform may
also be removed more easily with pin‐and‐socket connectors (B) that prevent the need to
unplug cables outside the incubator.
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Removal and attachment of the chambers to the stretching platform
has also been made more efficient for the user. In the previous design, the
chambers were raised to the necessary height by adapters, and then secured
in place by four thumbscrews.

Removal of the chambers required

unscrewing and completely removing these screws, while securing required
that all the holes be perfectly aligned for the screws to be returned.
Fastening and removing the chambers is a time sensitive process, as the
incubator door must be open wide, causing potential temperature and gas
fluctuations that may be harmful to the cells. The amount of time that the
user spends in contact with the inside of the incubator should also be kept to
a minimum. To streamline this process, the platform was reconfigured for
the screws to remain in place. The standard holes on the chamber bases
were replaced with keyhole slots (Fig. 5a). This allows the user to slip the
chambers over the screw, slide it into place, and tighten the screw. The
keyhole is oriented such that the chamber slides perpendicularly to the axis
of stretching, thus retaining a secure fit and preventing movement during
stretching.

3.3 Lid and Base
Although the designs and styles of the lids and bases diverge from the
original design to the redesign, their functions and importance have
remained largely unchanged. The primary function of the base is to provide
a space for the media reservoir, thus it is imperative that it be free of leaks. It
must also provide imaging access to inverted microscopes. The lid, on the
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other hand, does not come into direct contact with the media. Therefore,
while a tight seal is important for maintaining a sterile environment, it is not
as critical in this regard as it is for the base. It must also provide a clear path
for the light sources of the microscopes used to image. In the original design,
removal of the lid was also required for performing media changes.
The original bioreactor design features different designs for the lid
and base, respectively.

The lid consists of clear polycarbonate with a

standard glass microscope slide secured with superglue into the bracket in
the center (Fig. 6a). Sixteen countersunk screw holes are evenly distributed
about the perimeter to fasten the lid to the body. The base is an assembly of
two main pieces (Fig. 6b): a stainless steel base and a hand cast PDMS gasket.
The stainless steel piece includes an overhang to accommodate four holes for
securing the chamber to the stretching platform, as well as twenty
countersunk screw holes for attachment to the body.

The PDMS gasket

serves a dual purpose: to create a tighter seal between two rigid materials
and as an attachment point for the imaging window. The imaging window is
a 25mm x 50mm (0.98in x 1.97in) #1.5 glass coverslip, with a thickness of
0.17mm (0.0067in) that is compatible with confocal microscopy. Because
glass is difficult to sufficiently glue directly to PDMS, the coverslip is secured
to a PDMS bracket (inset of Figure 6b) by plasma bonding using a March
CS1701F Reactive Ion Etcher. The bracket is then glued with silicone glue to
the recessed inlay in the gasket [6].
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Figure 6. Views of original bioreactor system (A) lid and (B) bottom assembly. The lid is made
of polycarbonate with a glass slide inlay. The bottom assembly is made of a stainless steel base
plate and a cast pdms gasket with a #1.5 coverslip. The inset in (B) shows and exploded view of
the coverslip and the pdms bracket used to secure it to the gasket.

The size of the coverslip caused it to be delicate and brittle, and it
proved to be a source of difficulty within this system. Because its thickness is
considered part of the working distance, it is necessary to keep it as close to
the objective as possible to image with the confocal microscope. This leaves
it relatively exposed and prone to cracking with accidental contact, such as
with the objective of an inverted microscope.

Tightening the bottom

assembly too much can also be a source of problems. The natural inclination
for most users is to tighten the bottom screws as much as possible, thus
creating excessive or uneven stress on the gasket and either cracking the
glass or the bond between the two materials. However, if the bottom isn’t
tightened enough, leaks may also occur at the surface interfaces within this
assembly.
While eliminating the coverslip altogether and making the lid and
base each out of one solid piece would solve many of these problems, we
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have yet to find a material that provides both the structural stability and
optical clarity needed for advanced microscopy. These parts still require an
assembly of multiple pieces to fit both these needs.

For some specific

applications, such as multi‐photon imaging, there may be few, if any,
substitutes for the #1 or #1.5 glass coverslips. For other less stringent
applications, the borosilicate may be substituted with a more durable
material.

Choosing a material that is also easily bondable while still

maintaining biocompatibility would allow this assembly to be constructed
prior to sterilization and full assembly of the chambers. Many plastics that
meet these requirements are able to provide more strength than glass while
maintaining comparable optical properties.
Polycarbonate is our material of choice.

It is commonly used in

medical devices and other biomedical applications, including the lid to the
original system. It is inexpensive, sterilizable, optically clear and easy to
machine. It is also available in ultrathin films, including thicknesses less than
0.0067in (0.17mm), the thickness of the #1.5 borosilicate glass coverslip
recommended for confocal microscopy.

The chemical formulation of

polycarbonate makes it compatible with many bonding techniques that
include chemicals such as dichloromethane or multiple glues in the
cyanoacrylate family.
Cyanoacrylates are a type of superglue, designed for bonding a wide
array of material types. They are able to polymerize into a thermoplastic
quickly in the presence of water, such as from ambient humidity, curing
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completely within 24 hours.

Loctite features a line of one‐part

cyanoacrylates that are rated according to FDA ISO 10993 biocompatibility
compliance requirements[56], [57].

They are used for various medical

devices, and may be used directly in the human body as surgical
adhesives[58]. Another group used it to anchor their scaffolds in their
custom bioreactor[26], [27]. Although multiple formats were used to varying
degrees of success, Loctite Prism 4011 is the final choice because it is the
easiest to apply and does not bloom or cause stress cracking in the thin film.
The cyanoacrylate is used to glue together three polycarbonate pieces
to form the lid. This bonding occurs prior to sterilization and assembly (Fig.
7), allowing it function as one unit and keep the full assembly to a minimum.
The main piece is a 1/8” thick piece of polycarbonate and features eight
countersunk holes where it is secured to the main body with eight screws. It
also includes an opening in the center to accommodate the imaging window,
which is adhered to a recessed frame. This window is comprised of a glossy
impact‐resistant film of 0.005” (0.127mm) thickness (McMaster‐Carr). A
third piece of 1/4” thick polycarbonate functions as a bracket to further
secure the thin film that is also raised to sit flush within the frame of the main
body, as detailed in the inset in Figure 7.
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Figure 7. Base (A) and lid (B) assemblies. The inset in panel B details an exploded view of the
polycarbonate film and bracket that are glued into the main pieces of both the lid and the base.

The base features the same basic overall design and materials as the
lid, with a few variations. Like the previous design, it anchors the chambers
onto the stretching platform, and it includes added length to accommodate
the keyhole slots.

The thickness is increased to 3/16” to provide more

flexural strength and minimize bending, and two additional screws are
incorporated into the center of the shorter sides.

These additions help to

maintain a tight and secure fit, which is critical because the base serves as the
media reservoir and is a potential source of leaks if not assembled correctly.
Although the chamber can accommodate more media, the bracket provides a
smaller reservoir that holds approximately eight milliliters of fluid.
The original chamber was designed for assembly in a stacked layer‐
by‐layer fashion, relying on rubber or PDMS gaskets to provide an adequate
seal and barrier from leaks and contaminants. During assembly, the holes
must all be in proper alignment, which can be difficult to maintain while
handling with sterile tools in a cell culture hood. The frames in the revised
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system are thicker than the balance of the parts and are raised to fit inside
the main body, thus maintaining alignment even before the screws are put in
place. Although this does not negate the need for gaskets or o‐rings to
maintain a proper seal, it creates a less direct route of entry for any
pathogens.

Figure 8 Cutaway views of an assembled chamber show fit and spatial relations between pieces.
Longitudinal view (A) shows clamps sitting down in the reservoir created by the frame.
Crosswise (B) and isometric (C) views highlight nested fit between the base and lid and the
chamber housing.

Each lid and base also includes a pocket between the perimeter and
the frame for an O‐ring. The O‐rings are custom made to fit, using 1/16‐inch
diameter EDPM (Ethylene‐Propylene‐Diene‐Monomer) cord stock. The cord
stock is glued together using Loctite Quickset 404. Both the cord stock and
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the glue are compatible with the various sterilization methods employed, and
are designed to withstand humid environments.
While polycarbonate maintains many superior physical properties to
glass in terms of flexural strength and durability, there may be concerns
about the optical properties and whether it is suitable for imaging cells. To
ensure that autofluorescence would not impede quality images, preliminary
imaging trials with cells were performed to compare the polycarbonate film
to the glass coverslips. While the polycarbonate didn’t show a noticeable
decline in imaging quality, the cyanoacrylate glue did show a higher level of
autofluorescence. However, if applied properly and kept to a minimum
amount used, this should not affect the imaging windows. Choosing Loctite
4011 for its ease of handling and minimal bleeding is critical for these
reasons.
For users with stricter requirements calling for optical properties
specific to glass, an alternative is available that uses a PDMS insert with #1.5
cover glass, similar to the gasket in the original design. This piece fits in the
recess where the polycarbonate film is usually glued, and can be adhered
using the same glue. As with the original version, bonding the glass to the
PDMS is more complicated and uses the same previously described methods
of plasma bonding [6]. The coverslip is bonded to a PDMS bracket, which is
then glued into the PDMS insert using silicone glue (3M Scotch‐Weld).
The combination of the different formats of polycarbonate with the
cyanoacrylate glue reduces the effectiveness of many sterilization options
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that would normally be effective on polycarbonate alone. Validation studies
published by Loctite showed that polycarbonate and cyanoacrylate bond
strengths were significantly diminished after multiple autoclave cycles.
Sterilization using Sterrad or 3.4% glutaraldehyde sterilization, however,
showed negligible effects after repeated cycles [59]. To determine whether
the same effect would be observed after fewer cycles, we created test pieces
and autoclaved to test effectiveness. The glue was visibly weakened and the
film showed signs of rippling after the first run. The autoclave also caused
the o‐rings to shrink and separated at the glue seam. Repeated attempts with
the Sterrad system and ethanol were more successful, with little or no visible
changes or weakening. For longer term and repeated use, the Sterrad system
is the method of choice.

3.4 Chamber housing
Changes from the original system to the housing were not as
substantial as to the lid and base. The main purpose of this piece remains the
same: to provide structure and serve as an attachment point for all the other
pieces to the chambers; including, most importantly, the actuator rods. The
few changes made include increases in size, additional holes to accommodate
new accessory pieces, and a change in material. The chamber was widened
and the height increased to allow room for a larger variety of scaffolds (Fig.
10).
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Figure 9. Isometric drawing of original chamber housing, constructed from Ultem. The solid red
arrows indicate holes for the ventilation ports, while the dotted red arrows indicate the point of
entry for the actuator rods. The remaining holes are where the lid and base are attached using
screws.

The housing in the original design was made from Ultem (Fig. 9),
which has changed to Delrin (E.I. Dupont), also known as acetal copolymer,
in this iteration (Fig. 10A). The two materials share similar properties in
terms of superior durability, machinability and compatibility with many
sterilization methods, including autoclaving. Delrin, however, is available
with a wider selection of thicknesses and is known to be particularly durable
in maintaining screw threads. This is a desirable property, as most of the
other accessory pieces are secured either with screws or by being screwed
directly into this piece.
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Figure 10. Isometric drawing of the revised bioreactor chamber housing and close‐up views of
the accessory pieces. The body is made of Delrin (A) and includes threaded holes (solid red
arrows) on each side for sterile filters secured by luer adapters (B). One side also features a
larger threaded hole for the media exchange port, consisting of a female luer connector with a
1/8‐27 NPT threaded and syringe injection site (C). The dotted red arrows (A) indicate the
point of entry for the bellows and actuator rods.

The addition of the media exchange port to the body is perhaps one of
the most significant changes in terms of impact on the function of the system
(Fig. 10C). This prevents the user from needing to open the vessel during
media changes, exposing the inside to potential contaminants. The port is
drilled toward one of the lower corners and made to fit a polypropylene
female luer connector with a 1/8 ‐27 NPT fitting (Cole‐Parmer). A syringe
injection site male luer lock (Fisher Science) septum was used, although the
universal luer connector allows for many options and possible adaptations.
This piece is commonly used in medical device applications and maintains a
closed port for syringe access.

Neither of these pieces is available pre‐

sterilized, but the fitting is autoclavable while the septum melts under the
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heat. Both pieces have also been successfully sterilized with the Sterrad
system and by soaking in ethanol.
The gas exchange ports provide sterile openings into the chamber for
gas exchange and remain unchanged from the previous system (Fig. 10B). A
0.2μm (Whatman) syringe filter is connected on each of the long sides of the
body via a male luer lock fitting. These ports are positioned toward opposite
corners on the diagonal, toward the top to prevent any media from spilling
out and wetting the filters. These filters are available pre‐sterilized or may
be steam autoclaved.

3.5 Bellows
The point of entry for the rods is a critical aspect to the chamber
design. When under cyclic loading, at least one of the rods is continuously
moving from a non‐sterile environment to a sterile environment and back.
The opening must be tight enough to prevent the escape of any liquid or
entrance of any contaminants, without adding substantial friction or
preventing the rods from moving as desired. Any interference at this
interface may cause erroneous readings by the load cell, and may therefore
affect the experiment.
In the original design, a sleeve bearing designed for a tight fit with the
1/4 “ diameter rods fits through the holes and allows a smooth interface for
the rod to slide in and out. Food safe machine grease (Corning) is used to
provide lubrication to prevent friction, as well as to serve as a trap for
potential contaminants. Ideally, the rod and grease combination should be
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enough to prevent contamination from that point of entry. However, this is
under the assumption that the media never comes in direct contact with the
grease.
scenario.

If the chambers remained stationary, this would be a more likely
However, the chambers must be moved frequently for media

changes and for imaging. The confocal microscope is not a trivial distance
from the cell culture room, thus making perfectly steady handling highly
improbable.
It was determined that finding a flexible component to shield the rods
would be the best solution to this problem. A bioreactor similar in style used
silicone vacuum cups (Anver Technologies) on the outside of the
chamber[25], [55]. This part, however, did not stay in place in our system
and was not effective. When no commercially available product was found,
we custom‐designed and fabricated a flexible thin‐walled part in‐house. This
design features a set of two bellows connected with a tube that fits around
the rod and inside the holes on either side of the bioreactor main body. Each
end fits securely around the rod, one end inside the chamber, and one end
outside the chamber (Fig. 11). Fabricated as one piece using injection‐
molding techniques, the accordion‐style folds of the bellows allow it to
contract or stretch with the movement of the rods. If the use of grease is
desired, it can be contained completely within the bellows.
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Figure 11. Views of custom fabricated dragon skin bellows (A and B) and molds used to cast
them (C and D). The mold is comprised of four separate parts: two outer shells and two inner
cores, as detailed in an exploded view in D. Red arrows indicate caps on the end of the cores,
used to maintain alignment and keep the wall thickness of the molded part consistent.

Dragon Skin 10 (Smooth On) is the material of choice for fabricating
these parts. It is a platinum‐cure silicone that is flexible and moldable; it is
commonly used for medical prosthetics and other applications. Like PDMS,
which has also been used within the bioreactor chamber, it is biocompatible
and can be sterilized easily by various methods, including steam autoclaving.
The use of this softer material creates a slightly looser fit between the
chamber body and the rods than in the previous design, causing more
degrees of freedom.

However, once the chambers are secured to the
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stretching platform and the rods are secured via set pins and collars to the
load cells and motors, the rods are held in the appropriate alignment to
perform uniaxial stretching. The looser fit also compensates for any minimal
misalignments caused by errors in assembly or machining that may
otherwise affect the ability to secure the rods to the load cells or motors.
In order to fabricate the bellows, molds were created out of ABS
(acrylonitrile butadiene styrene) and soluble support material using a
Dimension SST 1200 3‐D printer. The molds include two inner core pieces
that are fastened together with a threaded rod and are anchored within two
larger outer shells (Fig. 11C and D). Each core piece has an endcap (red
arrows) that fits into a complementary socket within the outer shells. These
features keep the core in alignment to maintain a consistent wall thickness
through the molded part. Screws and wing nuts are used to secure the
assembly together tightly to form an airtight seal at the seams formed by the
junctions of the two outer shells. An injection port designed to fit a standard
luer lock syringe is placed in the center, and four smaller diameter
ventilation holes to prevent bubbles are placed on each side of the shell.

3.6 Clamps
New clamps were designed to adapt to different material formats,
such as silk fibers, electrospun mats or films.

They also accommodate

varying thicknesses without requiring additional pieces or changing the
distance from the bottom of the scaffold to the imaging window. Like the
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chambers, these were designed to be easier to handle, making post‐
sterilization assembly in a cell culture hood more feasible.
Each clamp is made of two main parts, the jacket and the base, that
slide to fit together in a dovetail fashion (Fig. 12a). This type of fit prevents
the pieces from inadvertently slipping apart during assembly. This joint is
rounded off in the machined parts because of available tool limitations, but it
functions as intended. Delrin was chosen as the primary material because of
its durable and autoclavable nature. It is also an efficient and cost‐effective
choice because the pieces can be created out of leftover material from
machining the chamber housing.
A.

B.
5
4

3

1
2

Figure 12. Views showing details of clamp assembly. The numbers in panel A correspond to the
following: (1) base, (2) jacket, (3) adjustment slot, (4) actuator rod entry hole, and (5) set pin
for attachment to rod. Additional views (B) show examples of the clamps in use with silk films
(top) and silk yarns (bottom). The dovetail joint is rounded off in the actual parts because of
limits to machining capabilities.

The bottommost part of the base is the exception for choice of
materials and is made from stainless steel, as can be seen in the top picture of
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Figure 12B. This piece must be as thin as possible to prevent adding to the
working distance between the scaffold and the objective of an inverted
microscope, while still being strong enough to hold it firmly in place.

To

machine the base to these specifications out of one piece would be nearly
impossible to do consistently and would considerably weaken the part and
its ability to grip. Instead, the base is further divided into two pieces, the
support and the spine, that are machined separately and then fastened
together with a screw to function as one unit. The support is made from
0.0197” (0.5mm) shim stock stainless steel, adding strength while
minimizing additional weight.

Figure 13. Close‐up view of assembled clamp attached to an actuator rod. The red arrow
denotes the smaller diameter at the end of the rod, visible through the adjustment slot in the
jacket. The clamp is shown with a small gap between the support and the jacket to illustrate
that thicker scaffolds could fit in.
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The scaffold fits in between the support and the jacket, where PDMS
spacers may also be cut to fit to prevent slipping. This assembly is secured
together by two screws that come up through holes in the support into
tapped holes in the jacket, in addition to the screw that secures the support
to the spine.

A horizontal hole toward the top of the spine allows the

actuator rod to be slid in and secured via a set pin from the top. The rods end
in a pin of a smaller diameter, which continues through the spine to a hole in
the jacket (Fig. 13). The hole in the jacket is slotted so that the jacket may
slide upward to accommodate thicker specimens, leaving the distance
between the clamp support and the imaging window fixed.

3.7 Summary
The stretching modality remains unchanged, as described in the previous
chapter. The changes to the system focused on the cell culture chamber,
making it easier to use and reducing human error. New features were added
to accommodate any less than ideal environments, better protecting the
inside of the chamber from potential sources of contamination that may be
on the outside. Media exchange ports were added to avoid the need to open
the chambers for routine cell culture. The size was increased and new
clamps were designed to adapt to multiple biomaterial formats and sizes.
Figure 14 includes a photograph of an assembled chamber with its accessory
pieces.
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Figure 14. View showing optimized bioreactor fully assembled with accessories: two ventilation
ports, syringe port, and two bellows. Rods and clamps are not pictured.
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All experiments were conducted using fourth passage human MSCs,
isolated and characterized in our labs according to the criteria detailed by
Dominici et al [60].

These cells were then seeded onto silk yarns that have

been previously characterized and successfully used as scaffolds [6], [38],
[46], [61], [62]. Nondestructive analyses were performed throughout the
duration of the experiments by imaging the fluorescently labeled cells using
confocal microscopy and saving the media supernatant for biochemical
assays.

At the conclusion of the experiments, one yarn from each construct

was sacrificed for mechanical analyses, while the second was sacrificed for
cellular analyses such as histology and immunohistochemistry.

4.2 Materials and Methods
4.2.1. Mesenchymal stem cell isolation from bone marrow aspirate
Mesenchymal stem cells (MSCs) were isolated from fresh bone
marrow aspirate obtained from a male donor under the age of 25 (Lonza). A
ficoll sucrose gradient was used to separate the different cellular
components of the aspirate via centrifugation. The isolation was performed
according to the insert from the Ficoll‐Paque density 1.077g/ml (GE
Healthcare). The presence of stem cells was verified according to established
criteria [60].

Flow cytometry was used to confirm presence of MSC‐

associated cell surface markers and differentiation studies were used to
confirm multipotent differentiation capabilities into the three main lineages.
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4.2.2. Scaffold preparation and cell seeding
Silk yarns were prepared using textile methods previously described
in our lab [6], [25], [38], [62], [63]. Raw silk yarns were extracted for 60
minutes in an aqueous solution of 0.02M Na2CO3 (sodium carbonate, Sigma
Aldrich) and 0.3% Ivory Soap detergent. From there, a Calvani Fancy Jet
model 6/SP Ring Twister (Milan, Italy) was used to bundle the yarn into 16‐
fiber constructs.
Yarns were cut to 60mm length pieces and covalently coupled with
GRGDS peptide (Sigma) to increase cell attachment, as previously
described[6], [25], [38], [46], [62], [64], [65]. A phosphate buffered solution
consisting of 2‐(N‐morpholino)ethanesulfonic acid (MES), pH 6.0, was used
to wash and soak the yarns.
(dimethylaminopropyl)

A solution containing 0.5mg/ml of 1‐ethyl‐3‐

carbodiimide

hydrochloride

(EDC,

Pierce

Biotechnology) and .7mg/ml of N‐hydroxysuccinimide (NHS, Pierce
Biotechnology) in MES activated the carboxyl groups of the aspartic and
glutamic residues on the surface of the silk by agitating on an orbital shaker
for 15 minutes. After a wash step with MES buffer, the yarns were then
gently shaken in a 0.1mg/ml GRGDS solution for two hours. Excess GRGDS
was removed and the yarns were first rinsed with MES buffer and then with
nuclease free water before air‐drying overnight.
The yarns were placed into clamps (Fig. 16), sandwiched between
thin pieces of PDMS to prevent slipping. The clamp‐to‐clamp distance was
set at 30mm for each setup, consisting of two yarns and two clamps. Prior to
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cell seeding, the constructs were completely submerged in 70% ethanol for
one hour for sterilization. They were then washed three times with PBS and
left to dry overnight in a laminar flow hood.

After drying, the constructs

were flipped upside‐down in a cell culture plate and spaced so that the silk
yarns were suspended tautly in the air in preparation for cell seeding (Fig.
16a).

Figure 16 Views of seeding process, beginning with up to four constructs placed upside down in
a 100mm diameter cell culture dish (a). Cells are added in a minimal suspension of cells in
media (~10ul per cm of length) to dry silk scaffolds drop by drop (b). Small red arrows indicate
examples of droplets suspended from yarn before soaking in. After two hours (c), the
constructs are flipped right side up and flooded with fresh media.

Each yarn was seeded with fourth passage MSCs that had been grown
to 80‐90% confluency, trypsinized, washed, and resuspended in growth
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media at a concentration of 6.67x107 cells/ml. A 30μl solution containing
200,000 cells was slowly dispersed in droplets along the length of the yarn
and allowed to soak in before replacing the lid (Fig. 16b). After a two hour
incubation period at 37°C, the constructs were flipped back into an upright
position so that the yarns and the base supports sat on the bottom of the
plate (Fig. 16c). Fresh media was added and the scaffolds were incubated in
static culture for 5 days.

4.2.3. Live/Dead Stain
To visually confirm viability of the cells, a Live/Dead assay (Molecular
Probes) was performed. The cells were incubated for thirty minutes in a
solution containing 4μM of Ethidium Homodimer‐1 (EthD‐1) and 2μM
Calcein AM. The EthD‐1 is a membrane impermeant fluorescently labeled
dye that fluoresces red when in contact with nucleic acids of damaged or
dead cells.

Calcein is membrane permeable and causes viable cells to

fluoresce green after undergoing enzymatic activity. After washing, the cells
were viewed using the appropriate filters on the fluorescent microscope.

4.2.4. Bioreactor assembly
Bioreactor pieces were sterilized and prepared prior to assembly as
discussed in the previous section and summarized below in Table 2.
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Table 2 Summary of Bioreactor components needed per chamber setup and sterilization
methods required

Part
Main pieces
Lid assembly with O‐ring
Base assembly with O‐ring
Main Body
Bellows
Rods
Clamps

No. per
chamber

Sterilization method

1
1
1
2
2
2

Sterrad/Ethanol
Sterrad/Ethanol
Autoclave
Autoclave
Autoclave
Autoclave

Screws
Large corner screws: 6‐32 x 1/2”
Smaller middle screws: 4‐40 x 1/2”
Set pin for clamps: 6‐32 x 1/8” cup point set screw
Screws for clamps: 4‐40 x 1/4"

8
10
2
6

Autoclave
Autoclave
Autoclave
Autoclave

Luer Pieces
Injection port adaptor: 1/8‐27 NPT thread
Injection port septum
Male luer lock fittings for air vents
.22µ syringe filters

1
1
2
2

Autoclave
Sterrad/Ethanol
Autoclave
Autoclave/Sterrad

The clamp and yarn constructs were placed in individual chambers and
secured to the stainless steel rods with set pins. Seven milliliters of warmed
growth media were added to each chamber. Twenty‐four chambers were
assembled and grouped according to three different endpoints.

Each

experimental group consisted of four static control chambers and four
chambers to undergo mechanical stimulation. Each day, four chambers at a
time were simultaneously subject to cyclic strain at 0.1% strain/second, up
to 3% strain for one hour.
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4.2.5. Preparation of Cell Tracker Dye
The cells were fluorescently labeled with Cell Tracker Green CMFDA
(5‐Chloromethylfluorescein Diacetate; Molecular Probes), a green dye
designed to last longer term than Calcein AM. It is suitable for visualization
of cells, but not for determining viability because it may also stain dead cells.
The dye was prepared for live cell labeling by first creating a 30μM stock
solution in dimethyl sulfoxide (DMSO). The solution was further diluted into
a 3μM working solution with PBS. Cells were incubated in this solution for 5‐
10 minutes, washed with fresh PBS, and then returned to growth media.
4.2.6. Noninvasive Analyses
Metabolic analyses of the cells were performed by adding Alamar Blue
solution (Invitrogen) at 10% volume of the total media volume. A standard
curve of cells from the same passage was also prepared. Small aliquots were
removed at four hours and periodically up to twelve hours and transferred to
black opaque 96‐well plates.

The plates were read at 560nm

excitation/590nm emission on a Spectramax M2 plate reader (Molecular
Devices) with an output in relative fluorescence units (RFUs), and the
approximate cell counts were calculated using the standard curve.
Media was changed in each chamber twice per week, with the
supernatant saved and stored at ‐20°C for further analyses. Fluorescent
images were taken on these days using an inverted Leica DMIRE2 confocal
microscope (Leica) at 10x magnification. The ability of the microscope to
simultaneously illuminate multiple wavelengths allowed the cells, labeled in
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green, to be distinguished from the silk scaffolds, taking advantage of its
autofluorescence in the red spectrum. Z stacks of photos were collected as
image slices at approximately 2‐3μm increments that were line averaged two
times [6], [66]. Experimental groups were sacrificed after one, two, or four
weeks of stretching.
Cytotoxicity was assessed using the Cytotox One Membrane Integrity
Assay (Promega).

This assay measures the amount of a membrane

impermeant enzyme, lactase dehydrogenase (LDH), which is only released
into the media when a cell’s membrane becomes compromised due to
necrosis or apoptosis.

Aliquots of thawed media supernatants were

transferred to black opaque 96‐well plates. A substrate that fluoresces when
it reacts with LDH was added, creating a signal proportional to the number of
dead cells.

The signal was quantified by measuring at 560nm/590nm

excitation/emission on the Spectramax M2 plate reader (Molecular Devices).
4.2.7. Endpoint analyses
Mechanical Testing
At the end of the predetermined time course, one yarn from each
construct was removed and subject to failure analysis using an Instron Model
3360 mechanical tester. As an additional control, acellular RGD‐modified silk
yarns of the same length were soaked in PBS for at least thirty minutes and
underwent the same failure analyses. The wet yarns were clamped into
specialized fiber grips (Fig. 17) and stretched at 0.1 % strain/second until a
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preload of 0.02 N.

At this point, data collection began and stretching

continued at the same rate until failure. The ultimate tensile stress (UTS)
was determined as the highest strain measured, and a Labview program was
used to determine the elastic modulus from the linear portion of the stress‐
strain curve. This modulus was calculated as the tangential line to a visually
specified range of 1.5% strain using least squares regression.

Figure 17. Views of Instron setup with special clamps designed for yarn. The red arrow in (B)
indicates silk yarn visible between the clamps, while the dotted line traces the defined gauge
length.

Histology
The second yarn was fixed for approximately half an hour using 10%
formalin to prepare for analysis by histology or immunohistochemistry.
Samples were dehydrated using a series of graded ethanol and embedded in

48

paraffin wax. Sections of 7μm thickness were cut using a microtome (Leica)
and mounted onto poly‐L‐lysine (PLL) coated glass slides. Select samples
were then deparaffinized and rehydrated through a series of graded ethanol.
They were stained with hematoxylin and eosin (H&E).
4.2.8. Statistical Analyses
Unpaired t‐tests were performed using StatView (SAS Institute, Inc) to
determine statistical differences between the means of two groups.

One‐

and two‐factor ANOVA analyses were performed using SAS (SAS Institute,
Inc) to analyze the source of variance between groups.
4.2.9. Image Analyses
Confocal image z stacks were processed using ImageJ.

Average and

maximum projections were produced for 2D representations of the optical
sections.
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5. Results
5.1 Overall Function of the system
The redesigned system sustained cell growth for up to four weeks,
surpassing previously established timepoints from the older system. Out of
twenty‐four chambers, only two were lost to contamination. The first of
these chambers sustained a crack from moving the objective lens too quickly
early in the experiment. When no other bases were available to swap in,
silicone sealant (DAP) was used in an effort to patch the leak, which ended
with contamination within a couple of days. The second chamber showed
contamination on the final day of the experiment, entering where the fitting
to connect the syringe port was not screwed in tightly enough.

One yarn

from this chamber was still excised for mechanical testing, while the other
was excluded from any cellular analyses.

5.2 Material Properties
Data from failure analyses performed on the Instron mechanical tester
was used to determine the elastic modulus and the ultimate tensile stress
(UTS) of a silk yarn from each individual chamber. One stretched sample
from the 1 week group was excluded because of visible tearing during
handling prior to loading onto the instrument and one sample from the 4
week static group was lost early in the experiment to contamination. These
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two groups had n=3, while the remaining had an n=4, for a total of 22
chambers. The calculated modulus and UTS were averaged by time group
and further separated into groups of static and stretch. Results are given in
Figure 18 as the mean plus the standard deviation. Table 3 and Table 4
present the means, mean differences between different chosen parameters,
and the p‐values determined using unpaired t‐tests. Table 5 details variance
results determined using one‐way and two‐way ANOVAs. Statistically
significant results (p<0.05) are highlighted in blue.
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A.

B.

Figure 18. Graphs depicting ultimate tensile stress (A) and the elastic modulus (B), given as
mean +/‐ standard deviation. For groups 4 week static and 1 week stretch, n=3; all other
groups n=4; 22 total.
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Mechanical stimulation of the constructs was not observed to have a
significant impact on the elastic modulus versus the static controls, although
the combined effect (interaction) with time is a significant source of variance
(p<0.05).

The group subject to mechanical stretching resulted in a slight

increase in stiffness in the 2 week stretch group, but a significant decrease
from the 1 week to the 4 week group (p<0.05). The trend over time for the
static group saw an inverse relationship to time, as the stiffness decreased
for the 2 week group and increased again for the 4 week group.

The

difference in stiffness was significant between the 1 week and 2 week groups,
as well as the 1 week and 4 week groups (p<0.05).
No statistical significance was observed for the UTS between the static
and stretched groups. The static group showed a similar trend to the elastic
modulus for the UTS, decreasing for the 2 week group and increasing again
for the 4 week, with time as a significant source of variance (p<0.05). The
stretch group decreased linearly over time (R2=0.99957), although time was
not a significant source of variance. A single factor ANOVA analysis showed
that the time points were a significant source of variance, with a p=0.036
between the different time groups.

5.3 Cellular Properties
We were not able to obtain quantitative results for cell viability. The
live/dead stain prior to stretching showed definite green staining indicative
of live cells. However, due to autofluorescence of the silk, the red cells were
not distinguishable, and neither color was quantifiable.

After multiple
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attempts, the Alamar Blue assay also did not yield any results, even after
extending the duration of the reaction. LDH and histology results are still in
progress at this time.
Detailed 10x magnification images were obtained using the confocal
microscope without significant problems due to autofluorescence of the
polycarbonate (Fig. 19).

The Cell Tracker Green allowed the ability to

distinguish the cells against the red autofluorescence of the silk. It is difficult
to distinguish differences in cellularity caused by uneven seeding or by the
mechanical regimens.

While larger cell clusters were observed in both

groups, the clusters in the stretch group appeared more aligned and
dependant on the silk than the clusters in the static group. The static
chambers appeared to have more cells initially, but by stretching day 10, the
images did not appear different based on cell density.
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Figure 19. Results from study after 5‐day static growth period, with days numbered beginning
at the first day of mechanical stretching. Cells were labeled with Cell tracker Green to show
contrast against silk (shown in red). Images are average projections of z stacks taken with a
confocal microscope at 10x. Scale bars = 200μm. Two images were selected from each group
(stretch and static) per time point in order to give a more representative depiction of results.

Hematoxylin and eosin (H&E) staining was performed on samples
from the 4 week group.

Difficulty sectioning the small samples led to

inconsistent stain results. Most sections only showed randomly aligned
small pieces of the silk fibers, which stained a pale pink. These sections were
likely not laying flat in the paraffin wax.
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The sections obtained from the stretched chambers did not appear to
have many cells. The alignment of the fibers varies among the different slices
(Fig. 20 A and B), and few cells are evident. Areas of darker stain that are
likely to be cells are visible adjoining the lighter regions of silk as indicated in
panel D.

Figure 20. Sections of silk from chamber subject to mechanical stimulation for four weeks.
Variability in the slices is evident, as some appear randomly aligned (A) and others are more
aligned (B). Cells are not apparent in these sections. The lower pictures (C and D) detail darker
formations that may be cells attached to the silk (red arrow).
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Figure 21. Sections from static controls of the 4 week group after H&E staining. Panel A features
of a composite of 40x images showing lengths of fibers with possible cells indicated with darker
stain (red arrow). Sections from the same sample (B) are less aligned. Alignment of silk and
cells is shown in the remaining pictures (C‐G) at different magnifications. Scale bars are 100μm.
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Sections stained from the static control groups were also varied in
alignment, featuring mostly small segments similar to those shown in Figure
20. However, aligned sections that contained larger portions of the silk
appear to show darker staining from cells (Fig. 19). Examples of possible
cells are denoted with red arrows. The areas of cells that can be seen are
clustered and adhered along the lines of the silk (Fig. 19 C‐G).

The

morphology of the fiber remains visibly intact in panel C, showing cells
aligned along the outer edges. Panel F contains what appears to be the
densest cell population, as the purple color has almost completely overtaken
the pink of the silk.
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Table 3 Calculations and t‐test results comparing the mean differences in UTS and elastic modulus between the stretch and
static control groups for each timepoint.
UTS
Week 1
Week 2
Week 4
All time
Modulus
Week 1
Week 2
Week 4
All time

Mean
Static
3.144
1.974
2.197
2.460

Mean
Stretch
3.017
2.475
1.294
2.193

Mean diff
0.127
0.501
0.903
0.267

p‐value
0.766
0.362
0.233
0.507

54.275
37.775
46.933
46.273

46.167
48.010
25.900
39.467

8.108
10.235
21.033
6.805

0.0617
0.2764
0.0877
0.2436

Table 4 Calculations and t‐test results comparing the mean differences in UTS and elastic modulus over time for both the stretch and the static control
groups. Significant values (p<0.05) are highlighted in blue text.
UTS
Static
Stretch
All groups
Modulus
Static
Stretch
All time

Mean Diff
Wk 1 ‐ WK2
1.17
0.542
0.865

p‐value
0.0279
0.3874
0.0214

Mean Diff
Wk 1 ‐ WK4
0.947
1.722
1.408

p‐value
0.009
0.0749
0.0046

Mean Diff
Wk 2 ‐ WK4
‐0.223
1.18
0.543

p‐value
0.6816
0.1065
0.2243

16.500
‐1.843
7.907

0.0239
0.8360
0.1501

7.342
20.267
15.886

0.0228
0.1047
0.0325

‐9.158
22.110
7.978

0.2246
0.0820
0.3033
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Table 5 ANOVA results for Ultimate Tensile Strain (UTS) and elastic modulus. Significant values (p<0.05) are highlighted in blue text.
UTS
Two‐Way ANOVA
Static vs. Stretch
Time
Error

DF

SS

Mean Square

F

p‐value

1
2
18

0.107609
6.786114
10.406205

0.107609
3.393057
0.578123

0.19
5.87

0.6713
0.0109

Total

21

17.584306

One‐Way ANOVA: Static
Time
Error

2
8

3.021723
2.336186

1.510862
0.292023

5.17

0.0361

10

5.357909

2
8

5.582605
6.251805

2.791303
0.781476

3.57

0.0779

10

11.83441

DF

SS

Mean Square

F

p‐value

1
2
2
16

214.477227
654.249496
920.448684
1819.749533

214.477227
327.124748
460.224342
113.734346

1.89
2.88
4.05

0.1886
0.0857
0.0378

Total

21

3783.6198

One‐Way ANOVA: Static
Time
Error

2
8

546.300152
396.261667

273.150076
48.782708

5.6

0.0301

10

936.561818

2
8

1162.841952
1429.487867

581.420976
178.685983

3.25

0.0925

10

2592.328918

Total
One‐Way ANOVA: Stretch
Time
Error
Total
Modulus
Two‐Way ANOVA
Static vs. Stretch
Time
Interaction
Error
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Total
One‐Way ANOVA: Stretch
Time
Error
Total

6. Discussion
The function of the optimized bioreactor system met the goals laid out
in the beginning of this work. Experiments were carried out for up to four
weeks with minimal contamination and leakage problems. Three
experimental groups of eight chambers were managed simultaneously for
varying amounts of time.

Design changes increasing usability not only

helped achieve these goals, but also made it possible for one person to
complete the bulk of the study without assistance.

6.1 System Function
The chambers were closely observed for potential weakness or other
problems that will continue to be improved to enhance the performance in
future experiments. Slight cracking was apparent near the screws on the
polycarbonate pieces toward the end of the later timepoints. Any base
containing cracks that lead to noticeable media leakage was swapped for a
new piece. This occurred more frequently in parts that had be reused from
previous experiments and may be due to weakening caused by repeated
ethanol sterilization prior to assembly. Alternatively, this may be caused by
heating and cooling rates differing between the stainless steel screws and the
polycarbonate. Although temperature shifts are to be avoided as much as
possible, the room for the confocal microscope is kept at lower temperatures,
exposing the chambers to multiple changes on imaging days. This problem
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may be alleviated in the future by changing the material from polycarbonate
to a more durable and reusable polymer, such as Delrin. It would also be
desirable to have a portable means of environmental control for the
chambers, not only to avoid problems with the materials, but with the cells as
well.

6.2 Mechanical Properties
Despite minor obstacles along the way, twenty‐two out of twenty‐four
chambers yielded silk yarns that were able to undergo mechanical failure
testing at the end of their predetermined stretching duration. No significant
differences in mechanical properties were found between the stretch groups
and the static controls.

This is consistent with previous studies using

bioreactors with similar scaffolds and cycling regimens [6], [63].

By

expanding the duration of the experiments, these new results show that time
does play a role in the changes in strength and stiffness.
It has been shown that silk yarns subject only to phosphate buffered
saline (PBS) and daily cyclic stretching without cells stiffen exponentially
over time[38]. The stiffness in this study, however, was not significantly
different between any weeks in the stretch groups, and there was a decrease
with the static control groups. The same previously mentioned study by
Kluge et al showed silk yarns undergoing the same strain profile with
simultaneous controlled degradation with Protease XIV. This study resulted
in a decrease in stiffness over time, with a rapid increase occurring by the
end of the second week. The decreases that we are seeing in this study are
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likely due to degradation by the cells, which is not constant due to
differences in cell behavior. The confocal images show what appears to be a
loss of cells initially after beginning the mechanical stretching. This may
explain why the stiffness is virtually identical for the 1 week and 2 week
groups, and then decreases as the cells repopulate the scaffold and begin to
degrade it at a more rapid rate.

This may also explain the significant

interaction variable, meaning that taken together, the timepoint and
experimental condition can predict variances. It would be interesting to see
how this progresses over longer courses of time.
Based on other studies in the literature, one might expect that the
constructs subject to mechanical stimulation would show an increase in
strength [8], [30], [67], as measured by the UTS. However, the trend was an
overall decrease with time for both groups in this study. Again, most results
were not statistically significant, but the stretch group did show a linear
trend of decrease with time. The static group, however, showed a significant
decrease from the 1 week group to the other two groups, but the 2 week and
4 week groups were not significantly different from each other. The mean
differences between the static and stretch groups increased over time,
suggesting that as the cells continue to take over and remodel the silk, the
differences between the two experimental conditions are having more of an
impact.
Observations made using the confocal microscope show that in some
sections, the cells formed what look like sheaths over bundles of the fibers
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within the yarns at the later timepoints. When the fibers were more spread,
the cells appeared more balled up. The inconsistency in the cells’ abilities to
spread out and securely attach to the matrix may contribute to the high
standard deviations within each group. The less contact the cells have with
the matrix, the fewer focal adhesions are connected and the cells may be less
active in remodeling or less equipped to respond to mechanical stimulation.
The cell‐to‐cell connections are also affected by fewer attachment sites, as
well as a lower seeding density to begin with.

This limits the signal

transduction that occurs between the network of cells through direct contact
with one another[1]. The uneven distribution may be caused by uneven
coupling with RGD, a chemical process performed on the yarns to increase
cell attachment. It has been shown that uneven or sparse distribution of RGD
can affect the ability of cells to form stable adhesions [68].
The experimental stretching regimen was based on previous
experiments [6], [38], chosen to represent typical conditions experienced by
the ACL after surgical repair. This may not be the best‐matched routine for
the scaffold if the constructs are showing loss of strength instead of gains.
Perhaps the strain is too much and the cells are unable to keep up the rate of
ECM remodeling. One way to examine this would be to compare the MMP
levels to the static group, as excessive stretch may be causing an
upregulation. The results in the literature are varied, but cyclic loading has
been suggested to cause increases in MMPs such as 1, 2, and 9 [16], [69]. All
of these are collagenases or gelatinases that digest many forms of collagen.
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Examining or quantifying collagen content would determine how much ECM
the cells were able to deposit.
Without conclusive viability data, it is difficult to determine a
quantifiable correlation between the cell population and the mechanical data
being reported.

Histological evaluation was also inconsistent and

inconclusive, leaving us to rely on the confocal images for a glimpse into the
cell behavior. The aforementioned bioreactor study [6] reported a similar
trend of an initial loss of cells at the start of mechanical stimulation, followed
by increased proliferation to an observed match in cellularity of the static
groups.
In areas of higher concentrations of cells, there appears to be more
alignment with the fibers in the stretch groups than in the static controls.
The images from day 22 of stretch are an example of this trend that was
viewed on multiple occasions. Both groups show areas of high density of
cells. The static sample looks like a disorganized cluster of cells, whereas the
stretched sample has densely packed areas that follow the contour of the
fibers within the yarn. Cellular alignment is a commonly observed effect of
tensile strain and may be the reason behind this[16], [70], [71]. The green
cell tracker dye used makes it difficult to do any staining to better observe
alignment and other properties prior to fixation (where the dye is then
usually lost).
In this set of experiments, the scaffolds were small, limiting the
possible endpoint analyses that could be performed. One yarn from each
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chamber was fixed so that it could be sectioned and used for histological and
immunohistochemical (IHC) evaluation. Histological techniques would allow
ability to stain and observe content or ECM deposition and confirm
observations made using the confocal microscope.

IHC would enable

staining against markers for proliferation or apoptosis to determine the
health of the cells, or actin staining to observe cellular alignment. However,
these fibers proved to be very difficult to section, and the results were varied.
The yarns were too small and didn’t sit flat in the paraffin wax during
embedding. Most sections were not able to capture the silk along its length,
and instead showed only small tangential segments.
Relying on the results obtained through H&E staining would indicate
that the scaffolds that were mechanically stimulated were not able to
maintain their cell population, while the static controls remained
cellularized. The morphology of the samples also appeared to be skewed, as
only a few sections maintained the structure of a yarn, as shown in Figure 20.
Inconsistencies observed between sections taken from the same sample
suggest that this is due to the difficult nature of the samples, indicative of the
analysis and not the experiment. Without observations made via confocal
microscopy throughout the duration of the experiments, there may not be
reason to question these results.

Inconsistent results from endpoint

analyses, particularly from difficult or precious samples, confirm the utility of
a system that features nondestructive imaging capabilities and allows
collection of intermediate data or observations.
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Failed analyses and limitations to results can mostly be attributed to
problems with the experimental setup or the implementation of the analyses,
and are less likely due to the function of the bioreactor itself.

With

appropriate adjustments, many of these problems may be alleviated in future
experiments. For example, the failure of the Alamar Blue proliferation assays
may be due to the larger volume of media used, compared to the tissue
culture plates these assays are typically performed in for a similar number of
cells (5‐7ml as opposed to <2ml). This should be optimized before beginning
future experiments, or a suitable alternative should be found.
Discrepancies of cell attachment due to reasons such as uneven
seeding, inconsistent RGD modification, or cell loss during the transfer to the
chambers is one of the more probable reasons for variation and high error in
mechanical results. The silk yarns used are well characterized [6], [38], [62],
[63] and known to have consistent mechanical properties. The cells used
were all from the same passage of the same donor, all constructs were
subject to the same media conditions, and kept in the same two incubators
(one for the reactor and one for the rest of the samples). Temperature drops
experienced during confocal imaging may have also had an impact despite
attempts to keep exposure to a minimum.
Repeat experiments may be useful to increase the number of samples.
While there weren’t many statistically significant differences in mechanical
properties, many others were close (p<0.1). Obtaining results with lower
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standard deviation would help increase statistical power, while potentially
elucidating clearer trends.
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7. Future Work
The nature and flexibility of this bioreactor system allow it the
potential to host an immeasurable number of variations of uses. The scaffold
material and format, the mechanical stretching regimen, the cell type and the
length of the experiments are all possible variables for future studies.
Perhaps the best place to start would be improving the present study to
obtain more quantitative and meaningful results.

7.1 Improvements to present study
The small size of the scaffolds used in this study leave little room for
error and limit the potential uses for analyses. This study lacked quantitative
cellular analytical results, which should be a priority for follow‐up studies.
The difficulties with histological sectioning show that these scaffolds are not
an ideal candidate for that type of endpoint; if sectioning had worked better,
it still may not have presented the most useful results in terms of
morphology and alignment.
The Cell Tracker Green dye was helpful for imaging, but limited other
possible staining methods. Most fluorescent markers, such as DAPI nuclear
stain or phalloidin actin stain, are not viable options for long‐term live cell
imaging. An alternative, CellLight BacMam (Molecular Probes), is available
through Invitrogen, and uses a baculovirus for cell transduction with
fluorescent markers specific to different cell components. These reagents are
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used for live cell imaging and can be multiplexed for different targets and
colors. Using these reagents to stain for actin would allow better capabilities
of monitoring cell alignment throughout the experiments, while a different
colored nuclear stain could make in situ cell counts possible. Technology
such as this would allow the user to make better use of the confocal imaging
capabilities of the system, and present more information than simply cell
densities and locations.
Better use of the nondestructive imaging capabilities would allow
alternate uses for the samples that would have been for histological or other
qualitative analyses. Quantitative analyses such as Pico Green (Molecular
Probes) for DNA content or PCR for differentiation markers could be
performed instead. These results could be compared to the mechanical
results of the second fibers from the corresponding chambers, which would
help interpret the data and allow for variances due to cell content.
This study was cut off at four weeks of stretching because that was the
predetermined duration. The chambers showed no physical reasons that the
study could not have continued for longer. Extending the timepoints even
further would surpass any published studies and would be another step
toward engineering functional tissue.

However, if the trend of linear

decrease of the UTS in the stretch groups continues, the integrity of the silk
scaffold may be the limiting step, rather than contamination or problems
with the system.

Alternatively, failure of the scaffold could be the

predetermined endpoint for at least one group of samples.
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7.2

Alternative parameters
While understanding the degradation of the silk scaffold is an

important aspect of tissue engineering, the parameters of the study should
also be altered with the goal of engineering functional tissues. The scaffolds
used were very small, which may not be as useful for developing tissues for
applications such as orthopedic implants.

Customizing the scaffold

architecture and mechanical properties to match (if not exceed) the native
tissue is a potential next step. Using decellularized tissue would be one way
of assuring a close match in desired properties.
Decellularized tissues are becoming increasingly prevalent in the
tissue engineering field. Most publications in this field are concentrated
toward smooth muscle applications, while only a small fraction of them
feature orthopedic applications such as tendons, ligaments, and cartilage.
The decellularization process removes most of the components that are
likely to cause an immunogenic response, making these scaffolds candidates
for allografts from cadavers or other sources [72–74].
As discussed in the introduction, well‐matched scaffold architecture,
even from decellularized tissue, is not enough to be regenerated to the full
strength of native tissue [73].

Studies conducted using mechanical

stimulation have come closer to meeting these goals, but a gap still remains
[26], [27], leaving much potential for progress in this field. Decellularized
tissue, such as ligament or tendon, could be seeded with cells and subject to
varying mechanical stretch parameters to determine an optimal regimen.
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For example, one variable could be to change the duration of stretching—i.e.
short, intermittent, constant—while holding the strain rate and maximum
strain constant.
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8. Conclusion
The redesigned bioreactor system was successful in achieving its
primary objectives. Experiments were carried out to four weeks, after a five‐
day period of static culture. This meets or surpasses any comparable system
published, including the original system that this was based upon. The
experiments were not limited by function, but by predetermined cutoff times,
showing it has the potential to reach even longer‐term durations. Although
scaling up to three simultaneous experimental groups required switching out
chambers on the stretching platform, these experiments were all completed
using one stretching modality by one operator. Additional setups would
allow even larger scale experiments to be performed.
Nondestructive analyses were performed throughout the duration of
the experiments, resulting in high‐quality confocal images. Metabolic assays
need to be optimized to obtain more quantifiable results and verify visual
observations. Although no significant effects of mechanical stimulation were
found in these experiments, this study was limited by a small sample size.
Perhaps with more samples and smaller standard deviations, results that are
more conclusive could be determined. The system is flexible, and any of the
variables such as stretching regimen, scaffold design and duration may be
altered to suit the needs of the researchers.
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Appendix 1: Machine Drawings
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Appendix 2: Material and Size Specifications
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Table A1. Summary of bioreactor chamber components, including material and size
specifications.

Lid and Base
Assemblies

Main Body
Clamp Assembly

Hardware

Accessories

Components
Lid
Base
Brackets
Brackets
Body
Support base
Spine
Jacket
Corner screws
Middle screws
Clamp screws
Set pin
Bellows
Male luer adaptor
Female luer fitting
Syringe filters

Material
Polycarbonate
Polycarbonate
Polycarbonate film
Polycarbonate
Delrin
Stainless steel shim
Delrin
Delrin
Stainless steel
Stainless steel
Stainless steel
Stainless steel
Dragon Skin
Polypropylene
Polypropylene
Polypropylene

Specs
2.75" x 5.00" x 1/8"
2.75" x 6.75" x 3/16"
2.00" x 4.00" x 0.005"
2.00" x 4.00" x 1/4"
2.75" x 5.00" x 1.00"
0.9" x 0.8" x 0.197"
0.3" x 0.3" x 0.6"
0.9" x 0.8" x 0.6"
6‐32 x 1/2"
4‐40 x 1/2"
4‐40 x 1/4"
10‐32 x 3/16"
1/4"‐28
7/16" hex to 1/8‐27 NPT
0.2μm
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