University of Iowa
Masthead Logo Iowa Research Online

Theses and Dissertations

Spring 2012

The effects of cyclic hydrostatic pressure on
chondrocytes in an alginate substrate

Brice James Journot
University of Iowa

Copyright 2012 BRICE JOURNOT

This thesis is available at Iowa Research Online: https://iruiowa.edu/etd /2909

Recommended Citation

Journot, Brice James. "The effects of cyclic hydrostatic pressure on chondrocytes in an alginate substrate.” MS (Master of Science)
thesis, University of Iowa, 2012.
https://doi.org/10.17077/etd.79zu3qyg

Follow this and additional works at: https://iruiowa.edu/etd

Part of the Biomedical Engineering and Bioengineering Commons



https://ir.uiowa.edu?utm_source=ir.uiowa.edu%2Fetd%2F2909&utm_medium=PDF&utm_campaign=PDFCoverPages
https://ir.uiowa.edu/etd?utm_source=ir.uiowa.edu%2Fetd%2F2909&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/10.17077/etd.79zu3qyg
https://ir.uiowa.edu/etd?utm_source=ir.uiowa.edu%2Fetd%2F2909&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/229?utm_source=ir.uiowa.edu%2Fetd%2F2909&utm_medium=PDF&utm_campaign=PDFCoverPages

THE EFFECTS OF CYCLIC HYDROSTATIC PRESSURE ON CHONDROCYTES IN AN
ALGINATE SUBSTRATE

by

Brice James Journot

A thesis submitted in partial fulfillment
of the requirements for the Master of
Science degree in Biomedical Engineering
in the Graduate College of
The University of lowa

May 2012

Thesis Supervisor: Assistant Professor James A. Martin



Graduate College
The University of lowa
Iowa City, lowa

CERTIFICATE OF APPROVAL

MASTER'S THESIS

This is to certify that the Master's thesis of

Brice James Journot

has been approved by the Examining Committee
for the thesis requirement for the Master of Science
degree in Biomedical Engineering at the May 2012 graduation.

Thesis Committee:

James A. Martin, Thesis Supervisor

Sarah C. Vigmostad

Prem S. Ramakrishnan

Edward A. Sander



ACKNOWLEDGMENTS

Firstly, I would like to thank Dr. James Martin. Without his generous support
from the Orthopaedic Biology lab, I would not have been able to pursue the work
presented here, nor the future opportunities that a graduate education can provide.
Thanks, Jim.

I also owe a debt of gratitude to Dr. Prem Ramakrishnan. His guidance and
assistance have been invaluable to me every step of the way, from bouncing design ideas
off of to giving me council during the writing of this thesis. If I let him, he’d probably
try to do all my work for me (and we can’t have that). Thank you for all your help, Prem.

Throughout both semesters of this (sometimes grueling) test of graduate
education, my friend and labmate Marc Brouillette has always been there. There’s
nothing quite like having a friend down in the trenches with you to help get you through
what seem like some of the most stressful times of your life (to date). Oh, the times we
had solving math problems only a computer should handle. I've leaned on him more than
once for support, and for that, I thank you buddy.

I’d like to thank the entire Orthopaedic Biology lab, especially Abbie Lehman, for
showing me the ropes on the basics and without whose tireless effort would probably
cause the lab to grind to a halt. Also, Barbara Laughlin (Rhubarb) for her assistance
obtaining and isolating chondrocytes; Hyeong Choe for his culturing of CPCs; and last,
but certainly not least, Theresa Messlein for her unending support and the assistance she
provided proofreading this document. I greatly appreciate everything you all have done.

I would conclude by thanking my parents, who’s (sometimes harsh) life lessons
have helped forge me into the person I’ve become, and shown me that when you set your

mind to the task, you can never fail. Thank you.

i



TABLE OF CONTENTS

LIST OF TABLES ...ttt sttt sttt sttt v
LIST OF FIGURES ..ottt sttt ettt st ene e \%
CHAPTER

1. INTRODUCTION ..ottt sttt st st 1

2. BACKGROUND AND SIGNIFICANCE........ccccooieiiiieeeieeeeieee e 4

SIGNIFICANCE ....veeiiieiieeieeee ettt et e e et st e e eneas 4

Back@round...........oooiiiiiiiiiieieeee e 5

Articular Cartilage and Osteoarthritis ...........ceccveveieerieriieenieniieiieeieeiens 5

IMACTO-SCALL......eieiieeiiieiie ettt et 5

IMICTO-SCALE ...ttt 8

Cartilage Tissue ENGINECETING ........ccccvieriiiriieiiieiiieieecieeiee e 10

Hydrostatic PreSSUIe........c.cooiiiiiiiiiieiiecie et 14

3. SYSTEM DESIGN AND RATIONALE ......c.cccoeiieieeieieeeeeee e, 18

Project Parameters .........c.cevviiiiierieeiiecie ettt ettt 18

Determination of Pressurization Mode...........cccccveeiiinieniienieniieieeieeeeee, 20

VBSSEL ..ttt 23

System HardWare...........cooieiiieiiieiiieiieie et 27

Software Control..........c.ooouiiiiieiieiiieiee e 32

4. MATERIALS AND METHODS .....oooiiiiiiieteeeeeee e 38

TISSUE HATVEST ..eoveiieiiiiiiieiee ettt et st 39

Chondrocyte ISOIation..........ccuieuieiiieiie ettt 39

Alginate Bead Production............ccceeiieiieniieiiieniecieeeece e 40

Hydrostatic Pressurization ...........c.eecueeeiieriienieeiienie e 40

PrOlING ASSAY ..uviieiiieiieeiieiie ettt ettt ettt ettt ettt ettt e ennas 41

PG ASSAY ettt e 42

Statistical Methods.........cccueiiiieiiiiiiiciiee e 43

5. RESULTS L.ttt st et 44

6. DISCUSSION ..ottt ettt sttt et sbe b ene s enes 47
APPENDIX

A. EXPERIMENTAL DATA.. ...ttt ettt e e 50

REFERENCES ...ttt sttt ettt ettt et 51

il



LIST OF TABLES

Table
3.1. Parameter definitions and HHMItS. .....coooviiiiiiiiiiiieieieeee e, 34
Al. Experimental data. ........ccoooiiiiiiiiiiiiieieie e 50

v



LIST OF FIGURES

Figure

2.1, Articulating JOINt QNATOIMNY ......eevuieriieiiieriieeiteeeie et esete et esteeeteeseeeebeenseesneeeseessseenseens 6
3.1. Block diagram of indirect pneumatic SyStem ..........cccccceevvieriierieeniienieeieeeieeieeees 21
3.2. Block diagram of simple hydraulic direct System. .........cccceeeevuerienirnienieneeieneene. 21
3.3. Block diagram of pressure feedback 100p.........cccoueviieriiiiiiiiiiiiieieeeeee e, 29
3.4. Block diagram of motion control SYStem. ..........ccceevvuieriieriiinieniieiieeie e 30
3.5. Image of ancillary hardware. ...........cccoovieiiiiiiiiiii e 31
3.6. Flowchart Of GUI StEPS.....eeeiieiieiiieiieeieeitecte ettt ettt 33
4.1. Flowchart of experimental model. ............coocuieiiieniiiiiiiiieeee e 38
5.1. Proline incorporation of normal chondrocytes. ..........cccoecuievieniienieniiieieeieeeeee, 44
5.2. Proteoglycan content of normal chondrocytes............ccceevvierieriiiniieniiieieeieeieeee, 45
5.3. Normalized PG and proline data for normal chondrocytes... .......ccccecveevverireneenen. 46



CHAPTER 1
INTRODUCTION

Osteoarthritis is a debilitating musculoskeletal disease for which there is currently
no cure. In all of its forms, it affects nearly one third of the US population with a
combined annual financial cost of approximately $105 billion®. Patients with
osteoarthritis range in age from young adults to the elderly. Treatments acceptable for
the less-active elderly population, such as joint replacement or fusion, are not feasible for
younger, more active patients '’; thus, treating osteoarthritis in the young is particularly
challenging. Osteoarthritis in this population is primarily associated with joint trauma
and its sequelae, which often include abnormal joint mechanics. Unfortunately, the
relationships between joint mechanics and the pathogenesis of post-traumatic
osteoarthritis are complex and have yet to be clearly defined '2. This gap in knowledge
has contributed to the lack of treatment options to reduce the risk for trauma-related
osteoarthritis, which has not changed despite considerable refinement in surgical
procedures.

While osteoarthritis is an organ-level degenerative disease that affects the entirety
of a joint, it is articular cartilage degeneration and loss that most directly impairs
function. Regular, moderate mechanical loading is essential to cartilage and joint health;
however, excessive loading that exceeds maximal stress limits may cause focal lesions.
These lesions initiate the progressive degeneration of cartilage surfaces throughout the
joint—a hallmark of end stage osteoarthritis’.

Intrinsically, cartilage has poor regenerative potential; it is both avascular and

aneural, and has a low cell density compared to other tissues™. A specialized cell type,



the chondrocyte, constructs and maintains the extracellular matrix throughout life. The
cartilage matrix is a specialized, water-binding, viscoelastic material that is well-adapted
to resist compression at physiologic stress rates. Injuries to the matrix elicit responses
from a second cell type, the chondrogenic progenitor cell, which migrates to the injury
site and proliferates in a largely futile effort to repair the damaged matrix'>~"*%,
Cartilage's poor repair potential has prompted a need to produce artificial cartilage
ex vivo. The cartilage engineering problem is complex and requires a multifaceted
approach combining biology, mechanics, and systems engineering. Advances in culture
systems, scaffolds, and seeding strategies have produced constructs containing cells
embedded in an extracellular matrix, but with only a fraction of the mechanical durability

19,36

of native tissue . Mechanical stimulation may be required to increase the resilience of

the tissues, in addition to these biologic factors. There are several modes of mechanical
stimulation, including shear, direct unconstrained compression, and hydrostatic stress.
Hydrostatic pressure has been identified as one of the most important forms of
loading in cartilage mechanics®', and a variety of mechanically-active culture devices
have been implemented. Generally speaking, static hydrostatic pressures of any
magnitude inhibit the synthesis of cartilage matrix (chondrogenesis) by chondrocytes and

21,33, 56

chondrogenic progenitor cells (CPC) in monolayer . However, the results are

varied among three dimensional constructs, with super-physiologic pressures usually

25, 38,47

resulting in inhibition of chondrogenesis , While pressures in the physiologic range

: 17,25
produce varied effects

. Cyclic hydrostatic pressures stimulate chondrogenesis in
chondrocytes and CPCs in both two-dimensional®® * (cell monolayer) and three-

. . 19, 29, 36, 60, 61 . "
dimensional ~“ 7> """ (construct) environments. However, it is unclear whether the full



benefit of cyclic pressure regimens has been exploited. Few systematic optimization
studies have been undertaken, in part because of the daunting number of potentially
significant experimental variables (culture model, pressure parameters, treatment
frequency and duration, etcetera). The expansive study designs required to explore even
a handful of the potential combinations of such variables creates a great need for high
throughput testing systems. Furthermore, because monolayer-cultured cells, three-
dimensional scaffold cultures, and intact cartilage explants all have value as experimental
models, there is a need to accommodate a wide variety of sample sizes and geometries.

The proposed hydrostatic pressurization system is extremely versatile. A flexible
membrane specimen pouch allows the stimulation of any sized specimen, from cells
through small joints. The modular design allows the system to be driven via any type of
linear actuator (stepper-motor, servo, hydraulic piston) and the chamber is designed to
safely accommodate pressures up to 25 MPa, with a minimum burst pressure of 55 MPa.
Controlling software has been simplified as much as safety allows, and can currently
generate a waveform of up to four linear parts, with the ability to program more parts as
desired. Individual tests can be run for as long as the experimental protocol requires.
Operation requires only a rudimentary knowledge of computing, which can minimize the
learning curve and mistakes.

Utilizing this system, various experimental models have been tested. The current
study uses alginate beads seeded with normal chondrocytes. We sought to confirm the
stimulatory effects of cyclic hydrostatic stress on chondrogenesis (extracellular

deposition of proteoglycans and collagens) in articular chondrocyte cultures.



CHAPTER 2

BACKGROUND AND SIGNIFICANCE

Significance

Among musculoskeletal diseases, there are few as debilitating and prevalent as
post-traumatic osteoarthritis (PTOA). The economic and societal burdens of the disease
are difficult to determine due to the lack of a clear clinical definition and objective
population data, but Brown et al have estimated that approximately 12% of all
symptomatic osteoarthritis (OA) is due to PTOA of the hip, knee, or ankle. As of 2006,
this accounts for 5.6 million Americans and $3.06 billion annually in financial costs®.
The disease has a diverse demographic, with patients presenting from the young to the
elderly. While those in the elderly range (60+) can usually be treated successfully with
joint replacement/fusion and restriction of activity, these modalities are not acceptable or
feasible for many young and middle-aged patients, leading to a complex clinical
problem'’. Currently, there is no cure for OA, and although many studies have shown
that joint injury leads to joint degeneration, understanding of the mechanical and
biological aspects of the disease remains limited.

The burdens of PTOA reach beyond the societal financial cost and have a
debilitating impact on the quality of life for patients. Studies show that severe PTOA
affecting the ankle not only leads to decreased joint function, but also a decrease in
general health status®®. Greater injuries require more intensive surgical and treatment
modalities; the more complex the treatment, the higher the likelihood of complications

which could lead to permanent morbidity'*. Anderson estimates that, even with the best



current care available, 40% of those with significant meniscal/ligamentous tears or
articular surface injury still develop OA in the affected joint'. Other than attempts to
restore joint stability, congruity, and alignment, there are currently no treatments that
decrease the risk, nor slow the rate of progression, of PTOA'.

While there is considerable experimental, clinical, and epidemiological data
which suggest one of the major causes of OA is joint loading that exceeds the tolerance
of the articular surface, mechanistic relationships between OA and mechanical stress
levels have yet to be defined'?. Joint stability, joint incongruity, and patient age play a
role in the progression of the disease. Martin and Buckwalter's work with chondrocyte
senescence suggests that as chondrocytes age, they become less responsive to mechanical
stimuli, secrete less glycosaminoglycans (GAGs), and are less effective at repairing
articular surface insults*. A better understanding of the mechanical and biological
relationships that control the outcomes of PTOA will aid in development of more
effective treatments for the disease.

Background

Articular Cartilage and Osteoarthritis

Macro-scale

Articular cartilage is an avascular tissue whose primary function is the
distribution and absorption of mechanical force caused by the actuation of diarthrodial
joints. The hyaline cartilage which covers articulating joints has an extremely low
coefficient of kinetic friction, and its composition allows it to passively distribute
compressive loads with great efficacy’>. However, it is this same composition that is

responsible for cartilage's poor repair characteristics.



While hyaline cartilage is found in some cartilaginous joints, it is predominantly
located in the capsules of synovial joints. Synovial joints are those that envelop two or
more articulating bones, surrounded by an articular capsule and filled with a lubricating
fluid known as synovial fluid. A diagram of a synovial joint is shown in Figure 2.1. The
mechanical system created between the articular cartilage and the synovial fluid is the
cause of articulating joints' low-friction motion™. The synovial fluid is also a transport

medium by which the joint cartilage receives oxygen and nutrients.
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Figure 2.1: Articulating joint anatomy.

Articular cartilage is a biphasic tissue comprised of a solid as well as fluid

phase®. The fluid phase gives the cartilage its ability to distribute and resist compressive



loads. The solid phase is comprised of a matrix of collagen fibers and proteoglycans
(PG) (greater than 95%) embedded with a specialized cell type, the chondrocyte, which
make up only 1-5% of the phase™®. The fluid phase consists of the extracellular water
within the solid matrix.

The mechanical loading experienced by articular cartilage has a direct effect on
joint health. Wolff's law states that the form of a tissue is dictated by its function, and
any alteration of the tissue environment will elicit form changes of the tissue. Indeed, it
has been shown that prolonged immobilization of synovial joints has detrimental effects,
including reduced proteoglycan (PG) content and rate of synthesis of new cartilage
tissue®. The reverse has also been shown: an increase in the amount of loading, as is seen
in moderately active runners, leads to an increased cartilage thickness, increased PG
content, and higher indentation stiffness when compared to normal non-runners''. Tt is
not only the magnitude of loads that affect how the joint responds, but also the rate at
which these loads are applied. Slowly applied loads allow the interstitial fluid within the
matrix to migrate and distribute the force; rapidly applied impulse loading does not allow
this migration and can create regions of high local stress, rupturing the matrix'*. In either
case, extreme mechanical loading that causes direct or indirect impacts, joint capsule
and/or ligament/meniscal tearing, joint dislocations, or articular fractures can trigger a
cascade of events that leads to joint degeneration and osteoarthritis'’.

Osteoarthritis (OA) is a disease of synovial joints characterized by joint pain and
dysfunction. It affects articulating joints that have undergone degeneration at the level of
the organ (joint-wide), and has multiple risk factors including age, genetic and

developmental aberration, and injury to the joint'’. Epidemiologic studies indicate that



mechanical stresses which exceed the articular surface tolerance, either acutely or over
repetition, have a role in the progression and development of OA®.

OA that develops secondary to acute joint trauma is called post-traumatic
osteoarthritis (PTOA). This secondary type of osteoarthritis results from the mechanical
insult to the joint as well as the biological events occurring post-injury. These events
may differ depending on the level and type of tissue damage present after an injury.
Buckwalter has identified three distinct types of cartilage damage, each with different
healing characteristics’. Injuries to the cartilage matrix and cells with no visible
disruption of the articular surface may restore the normal tissue composition if the basic
matrix structure remains intact; else, the lesion may progress to degeneration. In injuries
with visible articular surface disruption, such as chondral ruptures, healing is dependent
on location and size of the lesion, and joint stability and alignment. Those injuries
forceful enough to cause bone as well as cartilage disruption, as seen in osteochondral
fractures, depend on the location and size of the lesion as well as joint mechanics
(stability and alignment)’. If the joint becomes osteoarthritic, current treatments attempt
to restore normal joint alignment and stresses, as instability and excessive joint stress is
believed to exacerbate OA progression.

Micro-scale

It was previously believed that cartilage had only one specialized cell type, the
chondrocyte, but current work has shown that cartilage actually contains at least two
distinct cell types, the second of which is the chondrogenic progenitor cell'>#*-337-32,

The articular cartilage micro-structure and organization are what grant the tissue

its mechanical properties. It can be divided into four horizontal layers: the superficial,



transitional (middle), deep, and calcified zones’'. Each zone has different constituents
and organization which play a role in the overall properties of the tissue. The superficial
zone is the thinnest zone, about 10-15% of the overall thickness. It has the highest water
and chondrocyte content, a low PG content, and is densely packed with collagen fibers
running parallel to the surface; the chondrocytes in this region are disc-like in shape.
Middle zone (40-60% overall thickness) chondrocytes are spherical, and the zone’s PG
content is increased when compared to the superficial zone with collagen fibers that are
randomly aligned. In the deep zone (30% overall thickness), chondrocytes are arranged
into columns perpendicular to the surface; cell density and water content are lowest, PG
content highest, and contains collagen fibers arranged perpendicular to the surface. The
deepest zone, the calcified cartilage, is separated from the other zones by the tidemark, a
band of fibrils visible at the base of the deep zone. The calcified cartilage contains
rounded chondrocytes and lacks PG*'.

Chondrocytes are responsible for producing the constituents of the specialized
matrix of cartilage, such as PG, collagens, and other proteins. The different layers of
cartilage contain different relative amounts of these proteins, and the localization of the
cell determines its metabolic activity. Superficial zone chondrocytes create more
collagen (than the other zones) and less PG, whereas deep zone cells create a larger
amount of PG*® with less collagen. Chondrocytes are sequestered in lacunae, small
cavities in the matrix that typically house only one cell. The lacunae are widely spread,
and cartilage has a relatively low cell density compared to other tissues—on the order of
10,000 cells per cubic millimeter in adult femoral head cartilage®. This low cell density

may be a product of the avascular environment. The limited amount of nutrients and
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oxygen available may impose an upper limit on the number of cells per volume unit of
cartilage tissue. Chondrocytes are able to thrive in low oxygen tension (as low as 1%),
and produce a majority of their ATP through glycolysis. They arrest their cell cycle once
mature, and only divide under the effect of pathology or an injury state®. This longevity
could be a factor in chondrocyte senescence, which leads to a loss of the cells' ability to
maintain and restore the articular matrix. The process of chondrocyte senescence may
also explain the age-related increase of OA in older patients™.

The study and effects of chondrogenic progenitor cells (CPC) have only recently
started taking a larger role in OA. These cells are observed in OA and injured cartilage®’,
as well as healthy cartilage?”. CPCs are sometimes referred to as migratory progenitor
cells because of their ability to migrate towards an injury site’”. Found in the superficial
zone of articular cartilage, CPCs exhibit progenitor-like characteristics, including the
ability to form colonies from low seed densities and multipotency'”. Seol has shown that
the migration of CPCs across the cartilage is controlled, at least in part, by chemotaxis,
with chondrocyte lysates producing the most marked (significant) increase in migratory
potential. In addition, the gene expression of CPCs shows substantial phenotypic
differences between that of chondrocytes and mesenchyaml stem cells (MSC)?,
suggesting these cells have a distinct function.

Cartilage Tissue Engineering

The task of engineering a functional, viable cartilage tissue construct is complex,
requiring a multidisciplinary approach that incorporates biology, mechanics, and
engineering. This is due to the complex nature of the tissue. Articular cartilage

undergoes large compression forces with high frequency yet remains resilient and robust;
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these qualities are associated with the unique extracellular matrix (ECM) composition
within the tissue. Thus, any strategy with the goal of producing functional cartilage
tissue must incorporate methods to control matrix characteristics and mechanics, in
addition to cell viability and growth.

There are several different aspects of the tissue engineering problem. Some
groups opt for no mechanical stimulation, and instead focus on biological growth of
constructs. For example, using self-assembly on agarose substrate, Hu and Athanasiou
have developed constructs reaching approximately 40% the stiffness of native juvenile
bovine cartilage after 12 weeks' culture®®. It has also been observed by Bian et al that co-
culturing MSCs together with chondrocytes (in hyaluronic acid gels) results in constructs
with a significantly higher elastic modulus, as well as higher glycosaminoglycan levels,
than either cell type cultured alone’. The temporal effects of growth factor stimulation
have been explored by Ng et al, who have found that the removal of growth factors after
14 days culture results in constructs with significantly higher compressive properties and
collagen content (at 28 and 42 days) than constructs continuously cultured with growth
factors®. Others have focused on the importance of the interface boundary between the
cartilage and bone (the calcified cartilage zone). One group report that by growing a
zone of cartilage in mineralizing medium (mimicking the calcified cartilage zone)
increases of 3.3 fold (up to 670 kPa) can be achieved in interfacial shear stiffness’’.
However, this value still falls significantly short of the estimated 2.6 MPa shear modulus
of articular cartilage®'. Erickson et al have also studied the factors that determine
integration strength of constructs using MSCs in methacrylated or agarose gels, noting

that constructs that were pre-matured before implantation were more chondrogenic than
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those without a pre-maturation period”™. Still others study the oriented nature of cartilage
tissue, and have shown that decellularized and oriented ECM scaffolds cultured with
MSCs have a compressive modulus of 89.35 kPa, 2.5 times that of non-oriented ECM
scaffolds®”. While promising, each of these results only addresses one specific piece of
the cartilage engineering problem, and all show mechanical properties below that of
native tissue.

Mechanical stimulation of biologic constructs is an avenue of study that has
received great attention in the past 20 years. Shear, compression, and hydrostatic
pressurization can be realized separately with a dedicated system; systems employing two
of the stimulation methods have been used (for example, hydrostatic compression with
perfusion*?) albeit rarely. Heath and Margari have described the typical cartilage loading
process as a rolling movement of direct compression, together with a generation of shear
and tensile force components, and a high hydrostatic pressure®®. Using this definition as
a template, it can be seen that each of the currently employed systems fulfills a specific
step in the loading cycle.

Cartilage undergoes axial direct compression during all types of normal loading
cycles. Direct compression systems typically have a base or jig which allows the fixation
of one or more samples (explants, constructs) and a controllable force applicator, with the
components contained in a suitable tissue environment. Sauerland et al. have developed
a piston-driven force applicator that allows the fixation of cartilage explants inside a
polyethylene-lined titanium vessel, immersed in a small amount of culture medium™.
Our group has performed similar work (unpublished to date) on static and cyclic direct

compression loads, using a stepper-motor force applicator with loadcell feedback and an
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explant clamp jig. The entire system can be placed in a medium-size incubator to control
for temperature (37° C), humidity (90-100%), and oxygen tension (5%).

Shear systems are one of the simpler mechanical stimulation methods, and can be
realized by fixing tissues/constructs in culture dishes, immersed in media, and placed on
an orbital shaker”. A second approach utilizes spinner flasks, or comparable vessels,
with a magnetic stir bar and constructs fixed to inner walls of the vessel’. The imparted
shear forces are a function of the velocity and (Newtonian) fluid properties of the culture
medium; thus, greater shearing can be achieved, with these systems, by a faster

shake/spin or a more viscous fluid, as illustrated in the following fluid shear equation:

ou
‘L'=,ua—y

where 7 is the magnitude of the shear stress in the x-direction (or direction normal to y), u
is the dynamic viscosity of the fluid, u is the velocity of the fluid, and y is the distance
above the boundary (for boundary shear stress, y is evaluated at 0). Systems that impart a
low shear stress by circulating culture media through a loop (and over constructs) are
known as perfusion systems, and are a sub-type of the shear modality.

The application of hydrostatic pressure (HP) on cartilage has gained attention
over the past few decades. During loading of in vitro as well as in vivo tissue, the
pressurization of interstitial fluid supports a great majority of the applied compression
forces, with less than 10% of the force actually directly compressing the solid phase
(matrix)'°. Along with similar findings, this may mean that hydrostatic pressure is the
most important load experienced by the joint>'. Hydrostatic devices come in a variety of
modes, and the results to date show that the interactions between magnitude, frequency,

duration, and loading regime have markedly different effects on cartilage.
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Hydrostatic Pressure

Broadly, hydrostatic pressure can be divided into two categories: static and
dynamic. Practically, static pressure can be defined as an application frequency of near-
zero Hz (less than 0.001 Hz). Dynamic application has two subgroups, cyclic
(application with a regular frequency) and intermittent (application with irregular
frequency). Due to the confusion that can be caused by classifying one strategy as
“dynamic hydrostatic”, dynamic analyses will be referred to as cyclic or intermittent,
depending on the periodicity of the application.

Micro-environment plays a large role on the effects HP systems impart on
specimens. In general, cell monolayers seem to react favorably (more chondrogenic) to

26,43

cyclic and intermittent stimulation™ ™, while static application has no or a repressive

21,33,55

effect . Three dimensional cultures show favorable reaction to cyclic stimulation'”

29, 36, 60, 61 17,25

, and also to static stimulation . However, the variability of results to date in
three dimensional cultures suggests that more work is needed to optimize the duration,
frequency, magnitude, waveform, and application timing of each of the experimental
models, both dynamic and static.

Cell monolayers show little to no benefit from application of static HP. In fact,
Fioravanti et al. have reported that after three hours of 24 MPa static HP, normal human
chondrocytes exhibit increased organelle disorganization, fewer mitochondria, and a
cytoskeletal arrangement of actin and tubulin consistent with that seen in osteoarthritic
human chondrocytes?'. Other studies show that static HP of physiologic levels (5-10
MPa, 4-20 hours) has no effect on sSGAG incorporation and a decrease in collagen mRNA

33,56

levels °°". These results are quite different from those utilizing cyclic HP. Broadly,
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Hansen et al. note that intermittent application of HP on chondrocytes in culture shows an
additive effect on proliferation, collagen secretion, and phenotypic stability with reduced
oxygen tension, and that these effects are reversible?®. The effects are not only limited to
differentiated chondrocytes in monolayer; using ovine MSCs, Miyanishi et al.
demonstrated that cyclic HP of 1 and 10 MPa, at 1 Hz, increases GAG production while
0.1 MPa (sub-physiologic) does not*.

The optimization problem becomes even more complex in three dimensional
constructs, where cell attachment, environment, and matrix conditions—as well as a new
variable, application time frame—all contribute to the tissue reaction. Hall et al. have
demonstrated the effects of duration and magnitude of static HP on explants, observing
that a 20 second to 5 minute application of 5-15 MPa (mid-high physiologic) shows
increased proline incorporation; conversely, two hours of 20-50 MPa static HP (super-
physiologic) lead to a decreased proline incorporation versus unloaded controls®. It is
also beginning to become clear that the temporal aspects of static HP, namely the timing
and duration of application, are important. Bovine chondrocytes seeded into agarose gels
respond optimally to 10 MPa static HP when it is applied from 10-14 days after seeding,
showing maximized increases in GAG and collagen content, and an increase in aggregate
modulus'’. Similar studies show that chondrocytes seeded into alginate beads and
pressurized within 24 hours at 50 MPa static HP have suppressed GAG, PG, and collagen
II content, and have significantly higher rates of apoptotic cells (as high as 60%) than
beads allowed to culture for two weeks prior to the same stimulation®® *’. 10 MPa caused
a similar apoptotic trend, but with a reduced impact (20% apoptosis)*’. These findings

suggest that the presence of an extracellular matrix in a three dimensional environment
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could shield chondrocytes from the harmful effects of excessive HP stimulation; a
corollary is the finding that the solid phase (matrix) of cartilage absorbs much of the
remaining hydrostatic pressure when loaded physiologically and does not deform a
measurable distance”. Thus, cells that have no matrix, or a matrix different from the
normal ECM, may undergo abnormal stresses/strains in the presence of prolonged static
HP and react by becoming more osteoarthritic or apoptotic.

Contrary to the varied effects of static HP application, cyclic HP generally creates
a favorable chondrogenic environment. Human chondrocytes cultured in alginate beads
have displayed chondroprotective gene expression (downregulation of collagen I and
MMP-13) when stimulated with 5 MPa, 2 Hz HP for 3 hours per day61. Knight et al.
have shown that chondrocytes in agarose stimulated by either static or cyclic 5 MPa (1
Hz) for two hours displayed significant rearrangement of actin elements immediately
following loading™. However, after 60 minutes the statically loaded cells returned to
their prior-loading state, whereas the cyclic cells showed a further increase in actin
remodeling (into a punctate organization)*°. Even in sub-physiologic models (0.3 MPa) ,
chondrocytes in alginate beads show a 25% increase in the GAG/DNA ratio, and a 65%
increase in the collagen II/ collagen I ratio®®. Cyclic HP also has chondroinductive
properties, as several groups have shown a phenotypic shift (increased collagen II and
aggrecan expression, reduced collagen I) of MSCs subjected to 1-5 MPa cyclic HP at 1
Hz'"® . Neonatal dermal fibroblasts also respond in a chondrogenic fashion when
exposed to 5 MPa, 1 Hz cyclic HP; Singh et al. have seen that after 7 days, collagen I
production decreases markedly, and after 21 days collagen II production was

upregulated™*.
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There are many different systems and experimental models used to apply HP with
the goal of increasing chondrogenic potential, both with and without scaffolding
materials. It may be that there are several methods to obtain a satisfactory cartilage
construct; however, the current models must be optimized. Further work should focus on

system-model optimization.
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CHAPTER 3

SYSTEM DESIGN AND RATIONALE

Project Parameters

Before beginning any design work, agreement upon project goals, constraints, and
specifications was necessary. This process built a project concept upon which designs
could be focused, limits set on cost, and provided a foundation for future design
revisions. The overarching goal of the project was to design a simple, cost-efficient
experimental system which could mechanically stimulate orthopedic tissues, cells, and
constructs via hydrostatic pressure, with an ultimate goal of using the system, in parallel
with other techniques, to manufacture functional cartilage tissue implantables.

The requested pressure range was from 0 to 5 MPag (MPa gauge), allowing sub-
physiologic to mid-physiologic stimulation (in reference to the knee joint). Articular
cartilage undergoes high compressive forces during use. These compressive and tensile
forces pressurize the interstitial fluid in the extracellular matrix, which then exerts a
hydrostatic stress on the surrounding tissue. The system pressure range was designed to
represent these hydrostatic pressure fluctuations.

Biologically, the system needed to mimic, as closely as possible, the conditions
under which joints function. The major factors considered were temperature, oxygen
tension, nutrition, and humidity. Joints are avascular tissues in an aqueous environment,
and gain their nutrition through diffusion and convection. A low oxygen tension (1-5%
0, ) at 37° C immersed in culture medium provided this biomimetic environment. The

system also needed to be sterile, in an effort to eliminate infection and contamination. A
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design constraint that was eventually lifted was the ability to fit the entire assembly inside
a mid-size incubator. It was initially thought that in order to simulate biologic conditions,
an incubator was necessary. When flexible membranes were introduced (satisfying the
oxygen tension requirement by sealing conditioned media in gas-impermeable pouches),
a water bath became sufficient in providing the temperature requirement.

The system had several operational and technical requirements, among which
were throughput, ease of use, and accuracy and precision. To facilitate usage, software
controls were kept as autonomous as possible, allowing user input only when absolutely
necessary (such as during specimen information input or motor mounting). In addition to
minimal user interaction, those areas requiring a response or action were detailed with
step-by-step instruction, allowing a person unfamiliar with the system to use it
effectively. Mechanically, the setup process was kept to as few steps as possible, both to
reduce operating errors and minimize time costs during experimentation. Batch
processing also helped to reduce unnecessary setup time by increasing the number of
specimens that could be tested during one operation; the minimum required count was
five of the largest specimens--1 inch by 1 inch by % inch explants--typically tested in our
lab. To validate specimens were indeed getting the prescribed dose of hydrostatic stress,
direct measure feedback needed to be incorporated. The simplest way to implement this
was to include a pressure transducer. Direct feedback would allow for precise software
control, and controller accuracy within +£10% of the prescribed pressure magnitude was
decided as appropriate.

Low material, setup, and manufacturing cost were critical factors in the design.

Cost-benefit analyses were to be performed for any sizable design choice, and the
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decision to keep manufacturing costs as low as possible while maintaining a high level of
user and setup simplicity affected many of the final designs.

Determination of Pressurization Mode

Within cartilage engineering, there are three main modes that are used to apply a
hydrostatic load to the developing construct (as defined by cells, cell-seeded scaffolds, or
explanted tissues). These systems can be classified as indirect-, direct-, or flexible
membrane fluid-driven’'. Each mode possesses strengths and weaknesses, and thus each
system performs well under a specific set of operational parameters and goals.

Indirect systems utilize a gas phase to apply pressure to constructs via hydrostatic
pressure transmission through a liquid phase (such as culture medium). A schematic of a
simple pneumatic indirect pressure system is illustrated in Figure 3.1. These systems are
versatile, relatively simple to construct and operate, and work well for projects that
require lower hydrostatic pressures. Limitations can arise when using pneumatics at
higher pressures due to the dynamic reliability and resolution of regulators as well as the
feasibility of high-pressure inert gas sources.

Direct systems are those which pressurize the liquid immediately surrounding the
constructs (usually culture medium) without the use of a secondary fluid phase. These
systems are typically realized via hydraulics; Figure 3.2 shows a block diagram of a
simple hydraulic system. Since the pressure is generated via motor force as opposed to
gas concentration, much higher pressures can be realized, up to the safety limit of the
vessel in use--though in cartilage stimulation and testing, the range is roughly 0-50 MPag

(MPa gauge) representing sub-physiologic to super-physiologic stresses. Precise
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hardware and software control make the reliability of these systems high, and a material

testing machine (MTS) may be utilized to drive the pressure.

Gas Source m
\\L/ Gas Phase
Pressure
Regulator /+\
Liquid Phase
Regulator
Control
Circuitry 3

- —— J

Figure 3.1: Block diagram of indirect pneumatic system.
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Figure 3.2: Block diagram of simple hydraulic direct system.
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Direct mode systems are usually more expensive to produce, as the attainable pressures
warrant further safety parameters integrated into the vessel design and extensive seal
mechanisms must be in place. They also require sterilization following each use, since
the constructs are in direct contact with the pressurizing fluid and thus the chamber itself.

Flexible membrane mode is a hybrid-of-sorts between direct and indirect
pressurization, and uses flexible membranes that transmit pressure between the contained
constructs immersed in media, and an external pressurization fluid. This mode can be
driven with either pneumatics or hydraulics, and mitigates many of the limitations of the
previous two systems. Since the constructs are sealed within flexible membranes, no
contact with the vessel ever occurs and time spent sterilizing equipment, as well as
volume of media, can be reduced. They can also be hydraulically-driven, which allows
for high reliability and a robust operating pressure range. Limitations of this mode
include the added cost of membranes, and a possible extension to the experimental setup
time.

It is important to appropriately choose system specifications based upon the goals
of the project, and careful consideration was given to each mode before proceeding with
hardware design. Pneumatic systems were decided against due to the unreliability of
control systems and handling of gas cylinders. Direct contact mode was also excluded
because it had a high material cost due to the large amount of required culture media and
sterilization/contamination concerns. Experience with, and availability of, LabVIEW
software prompted discussion of linear actuator control (as had been performed in
previous work). The decision to use hydraulic drive and minimize material cost bore the

innovation of heat-sealed pouches to contain specimens while loading. These pouches
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were created using existing lab equipment to minimize cost. Thus, it was decided that a
hydraulic, flexible membrane system was the best fit for the constraints of the project.
Vessel

Due to the risk of high pressure rupture, proper care when designing a pressure
vessel is of extreme importance. The American Society of Mechanical Engineers
maintains a standard for the construction and safe operation of pressure vessels called the
ASME Boiler and Pressure Vessel Code (BPVC). This standard covers all pressure
vessels that generate an internal pressure greater than 14.7 psi (1 atm). Pressure vessels
that generate pressures in excess of 10,000 psi (70 MPa) have special guidelines and
standards and are considered high pressure vessels. For this project, the maximum safe
operating pressure of the vessel was specified at 25 MPa (3750 psi) and thus was
considered a normal pressure vessel. All designs were drafted and drawings created with
Pro/ENGINEER Wildfire 5.

Geometric constraints were analyzed using the dimensions of the largest predicted
specimens. 1" x 1" x %" explants were considered a standard large model specimen, with
an approximate volume of % in’ each. Each explant would be sealed in a flexible
membrane (bag) with a media to tissue volume ratio of roughly twenty (approximately
20-25 mL (1.53 in®) of culture media). This resulted in a volume of 2.3 in® per specimen,
and bags with a maximum face area of 3.5" x 3.5". Thus, the inner vessel radius was set
at 1.75" in order to accommodate the largest predicted bag. This radius exceeded the 5
specimen requirement, allowing 6+ specimens to be loaded simultaneously.

While it is possible to construct a spherical pressure vessel, this is not commonly

seen in practice due to the increased cost and fabrication difficulty of spherical
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geometries. Cylindrical vessels with flat or hemispherical ends are much more cost
efficient, and function adequately under most circumstances. Due to the simplicity of
machining a cylindrical vessel with flat ends, this shape was chosen. The stresses
endured by a thick walled cylindrical vessel with flat ends are well-characterized by a set

of equations known as Lame's Equations*®:
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where g, is the stress in the radial direction, g¢ is the hoop stress, and 4 and B are
constants of integration which must be solved based upon the boundary conditions.
Setting the external pressure to zero, considering all internal pressures as gauge and

solving yields the equations:
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where 7; is the inner radius of the cylinder, 7, is the outer radius, p; the internal pressure, r
an arbitrary radial distance, and o, the axial stress (derived by adding the boundary
condition of closed cylinder ends). By inspection, it can be seen that the maximum radial
stress occurs at the inner radius wall; maximum hoop stress also at the inner radius wall;
and maximum axial stress is constant and independent of radial position. Since the
internal pressure and inner radius are known (750 psi and 1.75", respectively), the outer
radius becomes dependent on the vessel material's yield stress.

Material selection presented further design challenges. General steels were not
suitable due to oxidation and corrosion by the aqueous environment (water was used as
the external pressurizing fluid due to availability). Stainless steels were viable and

desired--however, due to the poor machinability of stainless steel, cost became
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prohibitively high. 6061-T6 aluminum with an anodized finish was chosen for the vessel
and a majority of the components due to its ease of machinability, high strength, and low
cost--less than half the cost of stainless steel.

Wall thickness was found by inserting the tensile yield strength of 6061-T6*' into
Lame's equations and solving for the minimum required outer radius. The calculated
outer radius was 1.80" for a total wall thickness of 0.05". Applying a safety factor of 2.5
resulted in a total wall thickness of 0.125”. When manufacturing the vessel, stock
aluminum was available in 6” diameter; the wall thickness was increased to 42" to
minimize machining costs and still leaving the minimum required %" flange. This
increased the effective safety factor to 10.

Special considerations were made when designing the lid of the vessel. Bolt
layout and minimum required clamping forces were determined based upon the axial
stress generated at maximum pressure, such that each of 8 3/8" studs required 16 ft-1bs of
torque—with a safety factor of 2, the minimum torque requirement became 32 ft-Ibs.

This was calculated using the following torque-force equation:

F,DK
T=—
N

where T is the torque per bolt, F, the required preload force of the assembly, D the
nominal thread diameter, K a coefficient determined by the type and state of materials
used, and N the number of bolts in the assembly. For this application, K for unlubricated
general steel is assumed at 0.36. In addition to clamping forces, several hardware
components had to be fitted and sealed into the lid--these included the inlet and outlet
ports, pressure transducer seat, viewing window seat, and hydraulic cylinder mount. As

space became a premium on the lid, all parts except the transducer were custom designed.
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The inlet and outlet ports were constructed of the same 6061-T6 aluminum with
anodized finish, and were simply a threaded hole cut into a tapered cylinder. The ports
were sealed with a bolt, torqued to hold against the maximum calculated ¢, and sealed
against leaks with Barclad (Gaynor Industries, Wilmington, MA) sealing washers. Each
inlet was designed with wrench flats to allow the user an effective griping method to
torque the ports into the NPT-threaded mounts. National Pipe Thread (NPT) tapered
threads are a standard used to effectively seal pipes without the use of O-rings and
compression seals (gaskets). As NPT standard threads are torqued, they create a seal as
the flanks of adjacent threads compress together (as opposed to parallel threads, which
merely couple two parts). NPT threads are normally installed with thread seal tape or
paste to reduce marring and galling as the threads compress. NPT threads were also used
to install the high-pressure sight glass (Rayotek, HP Sight Glass 3/4") and the pressure
transducer (Honeywell, FPA2000).

The hydraulic cylinder-piston assembly presented unique design challenges.
Sealing was crucial, and a piston with a main piston cup seal (McMaster) and a backup
O-ring (McMaster), both of Buna-N, provided the required sealing capacity (cup seal up
to 3000 psi). This double layer of sealing was a key design parameter to ensure full
operating pressure was realizable even under failure of one of the seals; it also allowed
for convenient seal (O-ring) replacement. The cylinder and piston were machined from
17-4 PH stainless steel due to the requirement of an extremely smooth, hard surface.
Additional polishing was performed on the bore to obtain a surface roughness of less than

20 pinch.
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One of the major considerations given by the BPVC is the concept of "leak before
burst"--simply, that the vessel will leak small amounts of fluid (reducing fluid volume
and thus pressure) when stressed to failure instead of undergoing a catastrophic rupture
event. In order to accommodate this standard, gasketing materials with pressure ratings
equal to or less than 1000 psi (7.5 MPa) were used to a provide a passive pressure release
system. These gaskets (silicone rubber, McMaster) were less than $10, so this was
deemed the most cost-effective way of preventing vessel rupture. Additional system
hardware safety points were installed along with the gaskets, and these are discussed in
System Hardware.

System Hardware

In addition to the pressure vessel itself, all ancillary hardware--actuator mounts
and operational accessories--was designed in Pro/ENGINEER Wildfire 5. Custom
assemblies included the linkage hardware between the linear actuator and piston,
mounting brackets for the actuator, and an attachable base for the vessel. The stepper
motor, stepper drive, universal motion interface (UMI), analog to digital converter
(ADC), pressure transducer and amplifier, and several power supplies were the electrical
components specifically chosen to control the system.

One of the design criteria was that the system needed to be modularized; in
essence, that any part of the system could be swapped for a similar component and the
new whole would continue to function as required. One of the advantages of designing in
modules was that many different types of linear actuator systems could drive the
pressurization of the vessel, such as an MTS. While extremely precise and reliable, the

cost of purchasing a material testing system is quite high. The design of the piston
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linkage system, along with the geometric placement of the cylinder and piston assembly,
allowed other linear actuators (stepper motor, servo) to hook up and drive the system.
This module-centric design paradigm facilitated the use of in-house available
stepper motors (UltraMotion, D-B.125-HT23) which reduced startup and equipment
costs. The high torque NEMA 23 motor (HT23) incorporated in this actuator had a
maximum force output of 390 Ibs. The vessel cylinder bore diameter, at /2, provided an

additional level of safety to the system. Using the stress equation:

F
o=—
dnld

to calculate stress output yields a maximum stress of 2000 psi, or 13.3 MPa, which is
significantly less than the burst range of the vessel. Thus, in the event of a motion
control failure, the motor does not possess the necessary power to produce stress
magnitudes high enough to cause rupture.

In order to mount the stepper motor, a detachable base for the vessel was
constructed that allowed the attachment of a vertical support which was fitted with the
motor mounting brackets. This vertical support, or spine, was designed such that it had
two anchor points with the vessel, to help eliminate any rock or play in the spine and
keep the piston aligned with the bore. The base was fitted with rubber spacers on the
contact surfaces to increase the coefficient of friction between itself and the vessel, which
allowed for the use of a long lever bar to aid in the torqueing of the lid bolts.

To incorporate pressure feedback in the system, a transducer (Honeywell,
FPA2000) was installed in the lid. For the purposes of initial experiments and validation,
this transducer had a pressure range of 0-200 psia (1.33 MPa absolute) and was deemed

appropriate for near-future work. Another transducer (Honeywell, FPA2000) with
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pressure range of 0-1500 psia (10 MPa absolute) was also purchased for higher pressure
experiments. These transducers were unamplified internally, so a separate external
amplifier was acquired (Honeywell, DV-10). As it was necessary to further condition
and digitize the amplified signals, an inexpensive USB-mode ADC from National
Instruments (NI, USB-6009) was integrated, completing the pressure feedback control

system. A block diagram of the essential components is illustrated in Figure 3.3.

Vessel / linear
actuator

‘ Terminal
motion control

Transducer

Power Supply

Figure 3.3: Block diagram of pressure feedback loop.

The motion control hardware was picked, as much as possible, from existing in-
house units. Figure 3.4 shows a block diagram of the essential motion control system
components. The UMI (National Instruments, UMI-7764) was salvaged from an existing
system no longer in use and adapted to meet the requirements of the project. A custom
26-pin control cable was constructed to allow communication from the UMI to the

required motor drive. The drive (Danaher, P70530) was the only purchased component
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in the motion control system. It was required for its high amperage output (6.7A),

necessary to enable the stepper to generate the large forces required by the project.

Terminal / umi
Control Motor Drive
software :

PS HV Vessel

Feedback system |~

Figure 3.4: Block diagram of motion control system. PS
represents power supply; UMI the universal motion interface;

and PS HV a high-voltage power supply to the drive.

Operational hardware consisted of the tubing necessary for fill procedures, the
waterbath used to maintain a 37° C environment within the vessel, and the various power
supplies used to excite amplifiers or power components (drive and UMI). Tygon tubing
was acquired in three foot sections as well as a size B hose clamp for securing a leak-
proof seal around the inlet. Figure 3.5 is an image of the pressure vessel in the water bath
with tubing attached. A used waterbath (Fisher, ISOTEMP110) was acquired and

devoted to the purpose of keeping the testing environment at 37° C. Power supplies for
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the UMI and transducer were picked from in-house units (Sensotec, 032-0070-02), while

the supply for the drive was ordered from Digikey (Mean Well, LPV-100-36).

Figure 3.5: Image of ancillary hardware.

Software Control

Motion and feedback of the system was controlled with custom LabVIEW (NI,

v10.0.1) code. The general coding scheme was based upon the same module-centric
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paradigm as vessel and hardware construction, allowing an experienced user to replace
certain code blocks with a slightly different function while not perturbing the overall
control of the system. Modules were divided into sub-modules, which were further
encapsulated by base virtual instruments (VIs), the functional unit of G (LabVIEW code
language). Significant modules included the graphical user interface (GUI), setup
procedure, motor control, runtime monitor, fault handler, and data recorder.

Software package (henceforth as MIDAS) development began, and was centrally
focused, on the user interface. The creation of a simple, user-friendly, and
understandable interface was paramount to the overall usability of the system. In order to
reveal the most efficient interface, detailed operational steps were recorded and analyzed.
Any point which did not absolutely require user intervention was automated, and those
steps with required physical intervention (such as a manual jog of the motor to set limits)
had extensive tool tips and dialogs; these steps were organized on the GUI in a logical top
to bottom, left to right style. Options with prerequisite steps were turned off
(unavailable) until the required actions had been completed. Figure 3.6 shows a flow
chart of the GUI operational steps, beginning after specimen placement.

The setup (operational) module was a compilation of several sub-modules, each
designed to accomplish one of the steps defined in the user interface. Referring to Figure
3.6, these steps were experimental parameter input, definition of motor runtime
conditions, vessel filling, vessel priming, and waveform setup. Parameter input was
simplified as much as possible; the user only had to input specimen name, any additional
notes, the minimum and maximum pressures, the frequency, and the test duration.

Parameters that had obvious limits or boundary conditions were coded to check for data
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integrity; for example, if the minimum pressure was greater than the maximum, the user

would be alerted and unable to continue until corrected.

Duration

Param Inputs
Specimen ID
Notes
Min/Max Pressure
Frequency
Yr

Motor
Initialization /
Setup

|

Vessel Fill
Sequence

:

Vessel Priming
and Integrity
Check

Start Test

Figure 3.6: Flowchart of GUI steps. Different
vertical levels indicate prerequisites, with higher

steps before lower ones.

Parameter limits were also imposed, as detailed in Table 3.1. Values outside the
given limits were coerced to the corresponding boundary. The subroutines in the motor
runtime setup were designed to provide an extra level of protection for the components of
the motion system. While technically not critical to test performance, these instruments
were responsible for zeroing the motor to a reference position, set by the user, and for
imposing motion limits within the motor's stroke range. These limits were customizable;
for example, an experienced user could use the full two inches of stroke as boundary

conditions, or if a low pressure test was run, impose a forward (compression stroke) limit
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at 1 inch, effectively limiting the amount of possible compression. At the conclusion of
motor setup, a prompt instructing the user how to mount the motor was displayed and

execution stopped until the user confirmed mounting was complete.

Table 3.1;: Parameter definitions and limits.

Parameter Limits
Pressure Min: 0.09 MPa
Max: 5.0 MPa
Max must be greater than min
Frequency 0-2 Hz
Duration 1-1440 min (24 hrs)
Waveform 2-4 linear components
Period start pressure must equal period end
pressure

The vessel fill procedure took advantage of the code reusability inherent with G;
all VIs used were from the motor setup sub-module, with different user prompts. The fill
sub-module guides the user in fully priming the system with pressurization fluid by
filling the cylinder. The fill process is performed manually, giving the user an additional
layer of control, the consequence of which was that a (recommended) buffer zone could
be created between the fill level and lower (relax stroke) limit. These zones became
important during the priming phase of operation setup, because they allowed the motion

controllers to compensate for air pockets still existing in the system.
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The priming phase consisted of cycling the vessel from maximum to minimum
pressure twice. It checked system integrity by recording displacement values during each
cycle, and failed if the two cycle displacements had a difference greater than 10%. If
true, the user would be alerted to check all vessel hardware and search for leaks along the
sealing surfaces, otherwise setup would continue to the last step of waveform generation
(if appropriate). If the user inputs a target frequency greater than zero, the default
waveform is triangular at the given frequency. However, the system was designed so that
n-part waves could be applied, where n represents an integer indicating the number of
wave constituents. Due to constraints of the motion controller (NI 7330, National
Instruments), these constituents were designed as linear pieces with a target pressure
(rise) and a target length (run). For initial experiments, n was set and coded for a
maximum of 4 wave parts. The module was designed to allow for modification by an
experienced LabVIEW user to accommodate as many subunits as desired, however.

Once the user completed waveform setup, the system waited until the START
command was issued (via a virtual switch) before beginning the test. At this time,
MIDAS would activate the runtime monitor, immediately followed by the motor control
and data recorder modules. The runtime monitor was designed as an additional safety
feature to protect the system from leaving the previously set displacement and pressure
bounds, as well as a failsafe in case of sudden feedback loss. This module was the result
of an iterative process that lasted several cycles, beginning with the realization that
sudden ADC stalling could cause the motor controller to maximally displace the piston in

an attempt to reach the preset pressure level. After several versions with a "kill" type
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failsafe (ending compression but also stopping the test), a "recovery" failsafe was
programmed by adding the fault handling module.

The fault module is activated only when the runtime monitor determines that a
fault has occurred. Once engaged, the module forces the motor control and runtime
monitor to exit and immediately halts the motor. It then issues a move command to the
stepper motor back to the position it was in immediately prior to starting the test. This
clears any extrema faults. While the motor movement is performed, the module directly
polls the ADC device three times, with a period of 250 ms, in order to detect a stall. If
the three measurements are exactly equal, this indicates a stalled ADC (even if the motor
is not moving, slight noise will cause the functional ADC’s readings to minutely
fluctuate) and the hardware components in the feedback system are reset
programmatically. This ADC check process iterates until the ADC shows dissimilar
readings or three tries have been performed; in the event of unsuccessful reset, the test is
suspended and the user asked to power cycle the components manually. If reset is
successful, the module restarts the runtime monitor and motor control modules. It is
important to note that the fault handler does not kill the data capture module, so that
faults can be detected when analyzing the pressure and displacement data.

The data capture process begins immediately prior to motor control initiation, and
cannot be killed except by the successful completion signal, or a system quit. Sampling
is set at a fixed 15 Hz rate, which is 7.5x the maximum system frequency (2 Hz),
mitigating aliasing effects in the data. An array of zeros is pre-allocated for 125% of the
predicted number of samples, and is modified per data entry. Proper memory allocation

practices, such as pre-allocation, were necessary due to the large amount of data captured
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(108,000 64-bit integers for a two hour test). In the event the array becomes greater than
90% full (a system stall, extending testing time) the data array automatically allocates
another 10% of the existing array size and appends it to the end of the current array. In
addition to data capture, pressure and displacement data are sent to the GUI and
displayed for the user in a scrolling chart form. On exit, the module will either save the
data to a .txt file (successful completion) or dump all existing data into a .dump file (quit,
failure). In the case of faults or system failure, the system automatically dumps existing

data to a .fault file.



CHAPTER 4

MATERIALS AND METHODS

Figure 4.1 shows the protocols and methods in flowchart form.

Washing
Cartilage and Chondrocyte
harvest collagenase isolation
digestion

3H proline
incubation and
papain digest

Figure 4.1: Flowchart of experimental model.
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Tissue Harvest

Mature bovine knee joints were purchased from a local abattoir (Bud’s Custom
Meats, Riverside, IA). The knees were dissected and either shavings from the femoral
condyle (lateral, medial) cut with a #22 scalpel blade (chondrocyte), or 1” x 1” x }2” explants
manually sawed from the tibial plateau (CPC), were collected in a 100 ml specimen cup and
washed in a solution of Hank's Balanced Salt Solution (HBSS) and Penicillin-Streptomycin-
Amphotericin B at a concentration of 50 ml / 1 ml, respectively. The slices/explants were
taken to a hood after collection and washed again using the same HBSS/PS+AB solution.

Chondrocyte Isolation

While the cartilage shavings were soaked for decontamination, a digestion buffer
consisting of collagenase type 1 and pronase E (Sigma-Aldrich, St. Louis, MO) dissolved
in culture medium (0.25 mg/ml) was pressed through a sterile filter. The culture media
was Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal bovine
serum (Invitrogen, Carlsbad, CA), 100 U/ml penicillin, 100 pg/ml streptomycin, 50
pg/ml L-ascorbate, and 2.5 pg/ml Fungizone. Once filtration was complete, the buffer
was placed in a large NUNC plate along with the cartilage shavings, which were further
chopped into fine (1-2 mm) pieces. The cartilage was left in this solution overnight (12 +
3 hours).

After digestion, the mixture was pipetted up and down several times to break up
and homogenize the digest solution. Using a sterile 70-100 micron cell strainer, the
digest was filtered into a 50 ml centrifuge tube. The filtered solution was collected and
centrifuged at 3000 revolutions per minute (rpm) for five minutes. The supernatant was
removed after centrifugation and the cell pellet resuspended with fresh culture medium in

T-225 flasks. The total volume in each flask was 50 ml. Media was changed in the
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flasks every 48 hours until cell confluency, at which point the cells were counted using
hemocytometry and then passaged to new flasks.

Alginate Bead Production

Cell suspension within alginate beads essentially followed the procedure outlined
by Guo**, with alginate concentration tuned to 1.2% as performed by Kasra®. Alginate
(Sigma Aldrich) was dissolved in phosphate buffered saline (PBS) at a concentration of
1.2% alginate (560 mg alginate in 50 ml PBS). Upon full dissolution of alginate, the
mixture was sterile filtered into a 50 ml centrifuge tube.

Cell suspensions containing either chondrocytes or CPCs were spun down at 1500
rpm for five minutes and the supernatant removed. Cell pellets were resuspended in a
volume of sterile 1.2% alginate solution that would yield 10 million cells / ml. The
resuspension was pipetted up and down to break up the cell pellet and homogenize the
solution. Using a 25 gauge needle, beads with a volume of approximately 11 pl (110k
cells / bead) were dripped into a shallow culture dish containing 102 mM CaCl,. The
beads were left to polymerize in the solution for 5-10 minutes, after which they were
washed with HBSS and transferred to culture dishes filled with culture medium.

Hvdrostatic Pressurization

After a 72 hour incubation period, half of the beads were subjected to cyclic
hydrostatic pressure (HP), while the second half, used as controls, remained in culture
dishes and incubated absent HP. Heat-sealable polyethylene sheeting was cut into 3.5” x
7” rectangles and folded in half to create a 3.5 pouch. The pouches were washed in 70%
ethanol and dried in a fume hood. Once the ethanol had evaporated, pouches were

double-sealed along three sides as well as an additional diagonal corner seal. The inside
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was washed once with HBSS to remove any remaining alcohol residues. Beads and a
small amount of current culture media were transferred into the pouch via sterile pipette,
and an additional 25 ml culture media added to the pouch. The open side of the pouch
was double-sealed and corner sealed, then labeled. Each specimen's beads had a separate
pouch (bag). The controls were not manipulated, as it has been shown there are no
significant differences between controls placed in the vessel water bath and those
remaining in culture’. However, several rounds of sham controls (control beads that were
bagged and placed in the water bath, but not pressurized) were tested to confirm that the
bagging procedure and slight temperature fluctuations in the water bath did not affect the
cells.

Hydrostatic pressurization was performed using a custom designed pressure
vessel and LabVIEW software. The chamber and pressurizing fluid (water) were placed
in the water bath (37° C) one hour before testing in order to equilibrate them with the
media in the pouches. Upon equilibrium, the pouches were placed into the chamber and
sealed. Cyclic HP from 0.1-1 MPa (+ 0.1 MPa) was applied as a triangle wave at a
frequency of 1 Hz at 50% duty (1 Hz cycle every 2 seconds) for one hour, once per day
for five days. Thus, each specimen was exposed to 1800 cycles of HP per day.

Each day after testing, specimens were removed from the pouches via sterile
pipette and re-plated onto new culture dishes with fresh media. The media of controls
was fully changed every day at the same time as the experimental group.

Proline Assay
The beads for proline incorporation and PG content assays were placed in fresh

culture dishes containing 10 pl of tritiated proline ([H] proline) per 1 ml of culture
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medium. After 18.5 hours, the [H’] proline/ media solution was aspirated and the beads
were washed with normal media for four hours. Following this wash, an additional 20
hour wash was performed in DMEM. Papain digestion was performed on the beads
following washing in a digestion buffer of water, L-cysteine, sodium phosphate and
ethylenediaminetetraacetic acid (EDTA) with 0.25 mg/ml papain (Sigma Aldrich) until
the beads were fully dissolved (up to 4 hours).

The digested solution was centrifuged at 1200 rpm for 10 minutes to pellet any
debris. Using a clear 24-well plate, 1ml of Optiphase Supermix (Wallac) was added to
each of three wells, per specimen (triplicates). 100 pl of supernatant was added to each
well from the corresponding group and mixed via pipetting. The plates were placed in
the Trilux Scintillation Counter (Wallac) and Microbeta used to collect the data (counts
per minute (CPM), per well).

PG Assay

The PG content assay was performed using the same supernatant as that of the
proline incorporation assay. A 96 well, clear plate was used to run triplicates (three
assays) of each specimen, as well as a triplicate of standards. Standards were performed
with each set of PG assays. 190 ul of phosphate bovine serum albumin/EDTA (PBE) and
10 pl of supernatant were dispensed into the first row and mixed; 100 pl of this row was
extracted and mixed with 100 pl PBE in the second row, and so on to form a set of 7
serial dilutions. 200 pl of Dimethylene methyl blue (DMMB) was added to each well
and mixed by pipetting. Completed plates were run in a kinematic microplate reader

(Molecular Devices) and optical intensity data collected via SoftMax software.
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Statistical Methods

The data collected were normalized to 100k cells for equivalent comparison. This
was accomplished by taking CPM or intensity data and using the following equation:

_RC,,
NC »

Q

where Q is the data in normalized form, R is the data in raw form, Cyp is normalized cell
count desired, N is the number of beads in the specimen, and Cy is the number of cells
per bead. These data were analyzed using a one-way ANOVA (Holm-Sidak comparison

method) with significance defined at p < 0.05.
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CHAPTER 5

RESULTS

Each experimental group of chondrocytes was from a different animal (n = 5 for
PG content, n = 3 for proline incorporation). Sham controls were performed on two
groups of chondrocytes (n=2 for shams, see Table A1 for data). All raw data was
normalized to a value representative of 100,000 cells for equal comparison purposes.
Proline incorporation data is shown in Figure 5.1. The incorporation of proline in group
NCI (normal chondrocytes, group 1) had a 44% increase in the hydrostatic condition,
while NC4 and NC5 showed decreases in proline incorporation (raw data can be seen in

Appendix A, Table Al). There are no significant differences between any of the groups.
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Figure 5.1: Proline incorporation of normal chondrocytes. Error bars represent the

standard error of the mean.
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Proteoglycan content revealed a stronger trend towards HP (HP conditions all
show higher PG content), with one specimen showing an 85% increase in PG content in
the hydrostatic condition; this was the same sample showing increases in proline
incorporation. A second specimen showed a 61% increase in PG content. Graphical data
is shown in Figure 5.2, where error bars represent the standard error of the mean. There

were no significant differences between the groups.
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Figure 5.2: Proteoglycan content of normal chondrocytes. Control conditions (CONT),

hydrostatic pressure conditions (HP). Error bars represent the standard error of the mean.

Due to large differences between the raw data sets, each specimen was further

normalized to the controls to facilitate a comparison that minimized the effect of inter-
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animal tissue and cell variation. Controls were set to a value of 1, and HP and sham
groups scaled to a fold change value. This fold-change data is displayed in Figure 5.3.

The differences between the groups are not significant.
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Figure 5.3: Normalized PG and proline data for normal chondrocytes. Proline and PG
groups represent HP treatments, while the control (CONT) group is the baseline between

the two. Error bars represent the standard error of the mean.
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CHAPTER 6

DISCUSSION

The results of these preliminary experiments indicate that for the given model,
there are no significant differences in the proline incorporation nor PG content between
control groups that are unpressurized, and test groups which receive 1800 cycles of 1
MPa cyclic HP at 1 Hz per day. There is also no difference between sham controls and
cultured controls. Thus, it appears that this loading regime/scaffold substrate
combination does not cause chondrocytes to increase their matrix synthesis rate and
deposition of proteins, specifically proteoglycans and collagen. There are several
determining factors that are involved in the outcome of HP stimulation, and as discussed
previously, any number or combination of these may significantly affect the result.

It is likely, however, that the statistical power of the experiments is merely too
low to detect a significant difference. Analyzing the raw data, two of the five HP
samples show a 60-85% increase in PG content, and one of five HP samples show a 44%
increase in proline incorporation. This type of high sample variability is not uncommon,;
Meyer et al. have observed that between donors, the exact same cyclic HP treatment
produced opposite results*. It is possible that tissues from different animals will react
differently to the same stimulus, though the general trend should remain similar. Even
when normalizing to each specimen’s control group, the results are inconclusive. An N
number of 7-10 (different animals) may provide the necessary power to resolve a

difference between HP and control/sham control groups.
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These experiments assume a homogeneous mixture of cells and alginate in the
bead dripping phase, as well as similar-volume beads between the sample groups. While
bead volumes were determined to be consistent (data not shown), and homogeneity of the
alginate solution is a reasonable assumption (given proper mixing), cell numbers may
change over the course of the nine day experiment. It is possible that some cells die
while others escape the alginate bead; it has been shown that chondrocytes in alginate
beads under cyclic HP do not change their proliferation rate'®. However, these changes
may be non-trivial; thus, beads from each group should be assayed for DNA content and
the proline/PG results normalized to these findings, and not a bead volume assumption.

Assuming that these results are representative of this model, and not a statistical
artifact, it may be that the alginate substrate plays a role in the non-reactivity of
embedded chondrocytes. Alginate provides little in the way of cell adhesion; while this
keeps chondrocytes in the ideal spherical shape, it may also lead to reduced cytoskeletal
prestress and a reduced response to applied hydrostatic pressure'®, suggesting that a high
HP in alginate cultures may correspond to a normal HP in vivo. Thus, 1 MPa of cyclic
HP may simply be too small of a magnitude to show significant differences from
controls. Cellular signaling also plays a role in chondrocyte mechanotransduction, and
while the cell density of beads was comparable to native cartilage, a lack of cell-matrix
adhesion points could lead to reduced chondrocyte communication. Elder et al. have
reported similar non-reactivity when testing chondrocytes suspended in alginate beads,
reporting no difference between GAG content nor proline incorporation under 5 MPa, 1

Hz HP'®. Further, they used transmission electron microscopy (TEM) to show that
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chondrocytes in alginate resided in smooth-walled pockets with little to no cell adhesion
points or cell-cell contact.
The timing of the HP application may have also contributed to the lack of a

17.38,47 show that a

difference between pressurized beads and controls. Several studies
delay of 10-14 days between initial seeding and HP application result in higher PG and
collagen synthesis, less HP-related cell death, and greater phenotypic stability. This
amount of time was shown to allow the cells to lay down an initial matrix which may
have allowed better cell attachment and a more native cell-tissue interaction, leading to a
greater reaction to HP. The culture time in the current study was only 3 days, which may
not have provided enough time for the cells to lay down a matrix to which they could
adhere. This could have been compounded by the initial lack of attachment provided by
the alginate substrate.

Future work will involve the completion of additional normal chondrocyte
groups, as well as assaying the DNA content of the current set of specimens and
normalizing the data accordingly. If the DNA content normalization still shows a lack of
statistical power, more animals will be passed into the current experimental model, up to
a maximum of ten (n=10) per group. Based upon these results, future work will either
focus on optimizing the current model, or performing pilot studies on a different model
(such as agarose culture and 10 day incubation). The chosen experimental model will
also be used to determine the differences between the responses of chondrocytes and
CPCs under hydrostatic pressure. Ultimately, the chosen model should produce cartilage

constructs that have enough mechanical viability to be conditioned further via direct

compression and shearing methods.
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APPENDIX A
EXPERIMENTAL DATA
Table Al: Experimental data.
Raw Normalized
Proline Control HP Sham Control HP Sham
NC1 627.3 905.1 1 1.443
NC4 1095.98 900.84 1191.24 1 0.8219 1.087
NC5 1302.89 1035.44 | 1609.84 1 0.7947 1.2356
PG
NC1 12.99 23.97 1 1.857
NC2 6.65 6.58 1 0.99
NC3 6.14 9.9 1 1.614
NC4 48.68 57.75 42.27 1 1.186 0.868
NC5 71.81 85.44 75.04 1 1.190 1.045

Note: NC is normal chondrocyte, the numeral following indicates group number. Proline
is measured in counts per minute, proteoglycan content in ug / 100k cells.
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