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ABSTRACT OF THE DISSERTATION 

BIOENGINEERING SYNOVIAL FLUID WITH                                          
THEORETICAL AND EXPERIMENTAL MODELS OF                                              

THE SYNOVIAL JOINT 

 

by 

 

Megan E. Blewis 

 

Doctor of Philosophy in Bioengineering 

University of California, San Diego, 2008 

Professor Robert L. Sah, Chair 

 
 

 Synovial fluid (SF) in native joints functions as a biomechanical lubricant, 

lowering the friction and wear of articulating cartilage in synovial joints. SF lubricant 

macromolecules, including hyaluronan (HA) and proteoglycan 4 (PRG4), are secreted 

by synoviocytes lining the joint and chondrocytes in cartilage, and concentrated in SF 

due to the retaining property of the semi-permeable synovium. A bioengineered SF 

recapitulating the properties of native SF may be beneficial in tissue engineering 

articular cartilage and synovial joints for the treatment of arthritis, as an appropriate 

lubricating environment may be critical to maintain the low-friction, low-wear 

properties of articulating cartilage surfaces undergoing joint-like motion in 

bioreactors. The ability to generate such a fluid may have additional applications in 
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developing arthritis therapies targeted at restoration of failed joint lubrication, such as 

viscosupplements and molecules that regulate lubricant secretion, and may also further 

our understanding of in vivo SF lubricant regulation. Thus, the overall motivation for 

this dissertation was to develop and integrate theoretical and experimental models of 

the synovial joint. More specifically, the goals were to (1) incorporate biophysical 

features of the joint into a theoretical model of the SF compartment, and (2) 

recapitulate these features in a biomimetic bioreactor system to produce a 

bioengineered SF with lubricant composition and function similar to that of native SF.  

 Theoretical modeling of the dynamics of SF lubricant composition in native 

joints predicted steady-state lubricant concentrations within physiological ranges, 

marked alteration in these concentrations with chemical regulation, and distinct 

kinetics for HA and PRG4 in SF. Cytokine regulation of lubricant secretion by 

synoviocytes showed distinct regulation of HA and PRG4 secretion rates, with certain 

cytokines synergistically interacting to markedly increase HA secretion rates and 

regulate the molecular weight (MW) of secreted HA to resemble that present in native 

SF. Assessment of the ability of semi-permeable membranes to retain lubricant 

molecules demonstrated a selective retention of HA and PRG4 as a function of 

membrane pore size, lubricant MW, and the presence of a cell layer adherent on the 

membrane. Finally, it was shown that a bioengineered SF with lubricant composition 

and function similar to that of native SF could be generated in a novel bioreactor 

system at the tissue explant scale by incorporating biomimetic features of the synovial 

joint, including lubricant secreting cell types, a lubricant retaining membrane, and 

cytokine regulatory factors. Application of the theoretical model to this system 

predicted lubricant concentrations in bioengineered SF that were similar to those 
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observed experimentally, and kinetics that varied with lubricant structure and 

membrane pore size. 

 This work has contributed to a greater understanding of the dynamics of in 

vivo SF lubricant composition that may occur in health, injury, and disease, and it may 

also aid in the development of novel arthritis therapies targeted at restoration of failed 

joint lubrication. Specifically, the ability to bioengineer a functional SF may have 

applications in developing viscosupplements, evaluating the effects of potential 

therapeutic agents on SF lubricant composition, and in providing an appropriate 

lubricating environment to whole joints being tissue engineered and mechanically 

stimulated in bioreactors for biological joint replacement. 



 

1 

CHAPTER 1: 

INTRODUCTION 

1.1 General Introduction to the Dissertation 

Synovial fluid (SF) functions as a biomechanical lubricant, lowering the 

friction and wear of articulating cartilage in synovial joints. SF lubricant 

macromolecules, including hyaluronan (HA) and proteoglycan 4 (PRG4), are secreted 

by synoviocytes lining the joint and chondrocytes in cartilage, and concentrated in SF 

due to the retaining property of the semi-permeable synovium. Incorporation of these 

biophysical features into a theoretical model of the SF compartment of synovial joints 

may allow SF lubricant composition to be described and predicted, while 

recapitulation of these features in a biomimetic bioreactor system may produce a 

bioengineered SF with lubricant composition and function similar to that of native SF.  

Synovial joint models such as these may contribute to a greater understanding 

of in vivo SF lubricant regulation, and may have applications in developing novel 

arthritis therapies aimed at restoration of failed joint lubrication. Certain biomimetic 

features of the synovial joint have been incorporated into various experimental 

systems to examine the biology and mechanobiology of synovium and cartilage; 

however, a system that combines these lubricant secreting cell types with a lubricant-

retaining membrane to generate a SF-like compartment has yet to be established. 
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Biophysical features of the joint, particularly related to the synovium, have been 

applied to general models of fluid and solute transport to describe entry and exit of 

albumin in SF; however, this type of model has not been utilized to describe SF 

lubricant dynamics. 

Thus, the aim of this dissertation work was to develop and integrate theoretical 

and experimental models of the synovial joint to biomimetically bioengineer a 

functional SF (Figure 1.1). Toward this goal, (1) a mathematical model of the 

synovial joint was developed to describe the dynamics of SF lubricant composition in 

native and bioengineered joints, (2) key model parameters including cytokine-

regulated lubricant secretion rates and lubricant structure were experimentally 

determined, (3) lubricant retention by semi-permeable membranes of various pore 

sizes was assessed, and (4) a novel bioreactor system was developed at the tissue 

explant scale with biomimetic features of the synovial joint in which a bioengineered 

SF was generated with lubricant composition and function similar to that of native SF. 

This work has allowed a greater understanding of lubricant regulation that may affect 

in vivo SF lubricant composition in health, injury, and disease. It may also contribute 

to the development of novel arthritis therapies targeted at restoration of failed joint 

lubrication. Specifically, it provides motivation for bioengineering SF in bioreactors at 

the whole joint scale, wherein mechanical stimuli may be applied to tissue engineered 

joints in an appropriate lubricating environment for the ultimate arthritis therapy of 

biological joint replacement.  
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Figure 1.1: Overall aims of the dissertation involving development of biomimetic 
models to theoretically describe SF lubricant composition, and to experimentally 
generate a bioengineered synovial fluid with composition and friction-lowering 
function similar to that of native SF. 
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This chapter begins with a review of the synovial joint system, focusing on the 

key components and their composition, structure, and function. A review of SF 

lubricant homeostasis, dynamics, and imbalance in health and disease is then given. 

Finally, existing theoretical and experimental models that incorporate some features of 

the synovial joint are discussed to further motivate the current work. 

Chapter 2, published in European Cells and Materials, describes the 

mathematical model of the synovial joint that was developed to describe and predict 

the concentration of HA and PRG4 in SF of native and bioengineered joints with 

different chemical regulators of lubricant secretion and with therapeutic interventions. 

This model predicted steady-state lubricant concentrations that were within 

physiologically observed ranges and that were markedly altered with chemical 

regulation. The model also predicted distinct kinetics for HA and PRG4 and a 

clearance rate of HA after therapeutic injection that was consistent with the 

experimentally observed half-life in SF.  

Chapter 3, submitted to Arthritis Research & Therapy, addresses lubricant 

secretion by human synoviocytes with application of the cytokines IL-1β, IL-17, IL-

32, TGF-β1, and TNF-α, individually and in combination. Results showed that 

individual and synergistic effects of certain cytokines regulated HA secretion over a 

range of rates spanning two orders of magnitude, while PRG4 secretion rates were 

regulated in a counter-balancing manner by certain cytokines and over a smaller 

spanning range. The results also showed that the molecular weight distribution of 

secreted HA was regulated by certain cytokine combinations to resemble that present 

in native SF, while PRG4 molecular weight was not observed to be regulated but was 

also similar to that present in native SF. 
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Chapter 4 addresses the ability of synoviocytes to maintain a lubricant-

secreting phenotype when cultured on semi-permeable expanded 

polytetrafluoroethylene (ePTFE) membranes, and the ability of these membranes to 

retain lubricant molecules. Results showed that secretion of HA and PRG4 is 

regulated by cytokines in a similar manner on the membranes as on standard tissue 

culture substrates. The results also demonstrate selective retention of lubricant 

molecules by the membranes as a function of membrane pore size, the molecular 

weight of the lubricant molecule, and the presence of an adherent cell layer on the 

membrane. 

Chapter 5 describes the biomimetic bioreactor system that was developed and 

which incorporated lubricant secreting cell types, lubricant retaining membranes 

characterized in Chapter 4, and cytokine regulatory factors to bioengineer a 

mechanically functional SF. Results demonstrate that the lubricant concentration and 

lubricating function of bioengineered SF generated using membranes of 50 nm pore 

size approached that of native SF, and was significantly greater than that generated 

with membranes of 3 μm pore size. A strong correlation between composition and 

function of bioengineered SF was also revealed. Application of the theoretical model 

describing SF lubricant dynamics developed in Chapter 2 provided predictions of 

lubricant concentrations in bioengineered SF that were similar to those observed 

experimentally and kinetics that varied with lubricant structure and membrane pore 

size. 

Finally, Chapter 6 summarizes the major conclusions from this work and 

discusses future directions for these projects. 
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1.2 Synovial Joint Components and Structure 

The synovial joint is a low-friction, low-wear load-bearing system that 

includes articular cartilage, synovial fluid (SF), and synovium components. Articular 

cartilage is composed of chondrocytes within a dense extracellular matrix, and bears 

load and slides relative to an apposing surface with low-friction and low-wear 

properties. The SF acts biomechanically as a lubricant for articular cartilage, while 

containing a complex milieu of lubricating molecules, regulatory cytokines, and other 

factors. The synovium is the thin, flexible lining of the joint composed of 

synoviocytes and extracellular matrix components, with capillaries present beneath the 

cell layer. A key function of the synovium is to serve as a semi-permeable membrane 

for exchange of solutes from SF (such as nutrients, waste products, and cytokines), but 

offers sufficient outflow resistance to retain high molecular weight macromolecules, 

such as lubricants, in SF.  

The synovial joint has distinct structural properties that are critical for its 

normal function (Table 1.1). The total cartilage surface area in the human knee joint 

is, on average, 120 cm2 while that of the human ankle joint is ~32 cm2 [21, 22]. 

Estimates of synovium surface area in humans are ~277 cm2 for the knee joint and ~45 

cm2 for the ankle joint [21]. Thus, an average ratio of synovium: cartilage surface area 

is ~2. The synovium is ~50 µm thick [80] in humans and has an estimated pore size of 

20-90 nm [16, 17, 30, 92], while mature human articular cartilage is ~2-5 mm thick 

[22]. The SF volume enclosed by these tissue surfaces is ~1-2 ml in a normal human 

knee joint [84]. An impressive parameter of the synovial joint to consider is the 

approximate ratio of SF volume to synovium surface area, which is ~2 cm3 : 200 cm2, 

or ~0.01 cm. 
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It may be noted that while SF, cartilage, and synovium are key components of 

synovial joints, ligaments are also present in all synovial joints. However, ligaments 

may often be extracapsular and thus not within the synovium-enclosed SF 

compartment. In a similar manner, menisci structures are present only in certain joints 

and are thus not a general synovial joint component within the SF compartment. 
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Table 1.1: Structural properties of key components of the synovial joint.  
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1.3 Synovial Fluid: Complex Milieu of Lubricants & Chemical 
Factors 

SF is an ultrafiltrate of blood plasma, and also includes lubricating molecules 

and a complex milieu of chemical regulatory factors. Nutrients and ions enter SF 

through capillaries present in the synovium, while lubricating molecules are 

synthesized and secreted into SF by cells present in cartilage and synovium. Chemical 

factors may enter through capillaries or may be secreted by these or other cell types 

residing in the joint tissues. 

Lubricating molecules in SF include hyaluronan (HA) and proteoglycan 4 

(PRG4). HA is a glycosaminoglycan polymer, comprised of the repeating disaccharide 

unit of D-glucuronic acid and D-N-acetylglucosamine. PRG4 is a 12 exon protein 

encoded by the PRG4 gene, with an expansive and lubricating mucin-like domain in 

exon 6 consisting of O-linked glycosylations [36]. PRG4 is also commonly referred to 

as lubricin and superficial zone protein (SZP) due to its function and source. HA is 

present in SF at a concentration of ~1-4 mg/ml, while PRG4 is present at 0.05-0.5 

mg/ml [8, 9, 20, 65, 88]. These lubricants are both high molecular weight molecules 

(MW), with the MW of HA in normal SF reported to be ~70% ≥4000 kDa with the 

remaining ~30% distributed at lower MWs in the range of <4000 kDa to ~100-200 

kDa, and the MW of PRG4 reported to be primarily ~0.3 MDa [8, 9, 20, 52, 54].  

SF also contains a complex milieu of chemical regulatory factors, including 

cytokines, binding molecules, and enzymes. Cytokines in SF include TGF-β1, IL-1β, 

TNF-α, IL-17, IL-8, and IL-6, in addition to many others [2, 11, 29, 43, 45, 48, 51, 64, 

101]. Natural antagonists of certain cytokines are also present in SF and have 

inhibitory effects on cytokine activity, including the IL-1β/α specific IL-1β/α receptor 

antagonist (IL-1ra) [64]. Another component of SF includes proteins that bind to 
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lubricant molecules, such as tumor necrosis factor-stimulated gene 6 (TSG-6) [48] and 

the inter-alpha trypsin inhibitor (IαI) family of molecules, both of which bind HA to 

stabilize it and prevent its depolymerization in SF [35]. Extracellular matrix degrading 

enzymes, such as collagenases and MMPs, may also be present in SF [1, 12]. 

 

 

1.4 Articular Cartilage: Load Bearing Material & Source of 
Lubricants 

Articular cartilage is the low-friction, wear-resistant, load-bearing tissue at the 

ends of bones in synovial joints [98].  Articular cartilage bears load and slides relative 

to an opposing tissue surface with low-friction and low wear. This is due, in part, to 

the lubricating molecules present in SF that contribute to both boundary mode and 

fluid film lubrication [5, 105]. In boundary mode lubrication, load is supported by 

surface-to-surface contact of apposing cartilage surfaces, and the associated frictional 

properties are determined by lubricant molecules bound to the cartilage surface. In 

fluid film lubrication, load is supported as a result of pressurization of the interstitial 

fluid within cartilage due to the biphasic nature of the tissue. Together, both modes of 

lubrication contribute to the low-friction, wear-resistant properties of articular 

cartilage. 

Articular cartilage is typically classified into 3 zones, superficial, middle, and 

deep, resulting from depth-associated variation in cell and extracellular matrix 

properties [37]. In the superficial zone of mature articular cartilage (0-10% depth from 

articular surface), cell density is relatively high and cells are arranged in clusters 

parallel to the surface. Cell density is lower in the middle zone (10-40%), and there, 

cells appear more rounded and randomly dispersed. In the deep zone (40-100%), cells 
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are present at an even lower density and have a columnar organization [34]. 

Chondrocytes in the superficial zone secrete PRG4 [89, 39], while chondrocytes from 

the middle and deep zones of articular cartilage secrete very little of this lubricant 

molecule, but produce the glycosaminoglycan (GAG) component of the extracellular 

matrix at a relatively high rate [7].  

 

 

1.5 Synovium: Semi-Permeable Membrane, and Source of 
Lubricants & Lubricant-Modifying Molecules 

The synovium is the thin lining of the joint comprised of macrophage-like A 

cells and fibroblast-like B cells [6, 82, 102], with fenestrated capillaries present 

beneath the cell layer [50]. The cells in the synovium form a nearly continuous layer 

separated by intercellular gaps of several microns in width [50, 66]. The extracellular 

matrix in these gaps contains collagen types I, III, and V [4, 83], hyaluronan [103], 

chondroitin sulphate [79, 104], biglycan and decorin proteoglycans [14], and 

fibronectin [78].  

The synovium matrix provides the permeable pathway through which 

exchange of molecules occurs [59], but also offers sufficient outflow resistance [14, 

95] to retain high molecular weight macromolecules in SF. Lubricant transport 

through the synovium occurs around the spaces, or volume fractions, occupied by 

synoviocytes, collagen fibrils, and glycosaminoglycan chains, and is further limited by 

the tortuosity of the pathway imposed by the cells and collagen fibrils [59]. Molecules 

that travel through these pores enter the underlying subsynovium, a thicker, loose 

connective tissue (~100 μm), where an extensive system of lymphatics exists to clear 

transported molecules [41, 56, 57]. 
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Type B fibroblast-like synoviocytes, rather than type A macrophage-like 

synoviocytes, secrete the lubricant molecules HA [33, 96] and PRG4 [40, 90] into SF. 

Both cell types, however, may be sources of lubricant-modifying molecules. 

Cytokines such as IL-1β and TNF-α are secreted into SF by the macrophage-like cells 

[43, 44], while fibroblast-like synoviocytes in the synovium (abbreviated in this thesis 

from this point forward as “synoviocytes”) secrete IL-6, granulocyte-macrophage 

colony-stimulating factor (GM-CSF), IL-8, FGF, and TGF-β1 [1, 2, 25]. Synoviocytes 

also secrete the HA-binding protein TSG-6 [48], and enzymes such as collagenases 

and MMPs involved in joint destruction [1, 12]. T cells that may also be present in the 

synovium (to varying degrees depending on joint conditions) secrete cytokines that 

contribute to the milieu of SF, including IL-17 and IFN-γ [97, 106]. Cytokines present 

in SF may have individual, additive, or synergistic effects, and may also act through 

autocrine and paracrine mechanisms. 

 

 

1.6 Synovial Fluid Lubricant Homeostasis, Dynamics, and 
Imbalance 

The mechanobiology of joints and SF constitutes a complex, low-friction, low-

wear system that is normally in homeostasis. A normal steady-state lubricant 

concentration is maintained in SF due to a balance of the dynamic processes of 

lubricant synthesis, lubricant flux across the synovium, and lubricant degradation in 

SF. Imbalances in these processes may occur in injury and disease to alter SF lubricant 

composition. 
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Lubricant Synthesis by Joint Components 

Chondrocytes in articular cartilage and synoviocytes isolated from synovium 

secrete basal levels of lubricant molecules in vitro when cultured in media with 

varying concentrations of serum or albumin, but certain cytokines present in SF 

induce alterations in lubricant secretion from basal levels (Table 1.2). IL-1β, TGF-β1, 

and TNF-α each increase HA secretion rates by synoviocytes [13, 33, 81]. IL-1β has 

also been reported to increase the molecular weight (MW) of secreted HA compared 

to basal conditions [33, 46]. Individually applied TGF-β1 increases total PRG4 

secretion by synoviocytes, while IL-1β decreases secretion [42, 70]. PRG4 secretion 

by other tissues, such as the meniscus and ligament, are also regulated by these 

cytokines in a similar manner [55]. 

Various mechanical stimuli also have a regulatory effect on lubricant secretion 

(Table 1.2). Static compression of cartilage explants decreases PRG4 secretion [74], 

while dynamic shear stimulation increases PRG4 secretion [73], compared to 

unloaded controls. Applied surface motion of chondrocyte-seeded scaffolds against a 

ceramic hip ball results in increased PRG4 mRNA expression, compared to statically 

compressed controls [27, 28, 63]. Continuous passive motion of whole joints in a 

joint-scale bioreactor similarly increases PRG4 secretion in regions of cartilage 

continuously or intermittently sliding against another tissue surface [72]. HA secretion 

by synoviocytes is also mechanosensitive, as stretching of synoviocytes cultured on a 

flexible substrate [69] and also stretching of intact synovium by expansion of the joint 

with fluid both increase HA secretion [18]. 
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Table 1.2: Chemical and mechanical regulation of lubricant synthesis.  
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Lubricant Efflux Across the Synovium  

The synovium matrix provides the permeable pathway through which 

exchange of molecules occurs [59], including the lubricants PRG4 and HA, but also 

offers sufficient outflow resistance [14, 95] to retain macromolecules within the joint 

cavity. Transport of solutes from SF is dependent upon processes of diffusion and 

convective fluid flow [59], and molecules that traverse the synovium enter the 

underlying subsynovium where they are drained away by an extensive system of 

lymphatics [41, 56, 57]. 

The diffusive flux of a lubricant through the synovium is a function of its 

permeability through the synovium and the synovium surface area, and is driven by 

the concentration gradient of lubricant between SF and subsynovium compartment.  

Lubricant transport through the synovium occurs around the spaces occupied by 

synoviocytes and extracellular matrix components, and through the voids in the 

glycosaminoglycan (GAG) network. Restricted diffusion of lubricants thus occurs 

within the synovium and is dependent upon the diffusion of lubricant in free solution, 

the volume fraction of the GAG component, the radius of GAG chains, and the 

effective radius of the solute [75]. The diffusive flux of a lubricant molecule is further 

dependent upon the volume fractions and tortuosity of collagen and cellular 

components of the tissue occurs [59], the area of the synovium, and the lubricant 

concentration gradient between the SF and subsynovium compartments. 

The convective flux of a lubricant through the synovium is a function of the 

velocity of fluid flow out of the membrane, the reflection coefficient of the membrane 

(i.e. the parameter that describes maximum reflection of a molecule by a semi-

permeable membrane), and the concentration gradient between SF and subsynovium 

compartments [19, 76], and is driven by joint motion during flexion and extension. 
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The velocity of fluid flow is dependent upon the hydrostatic pressure difference and 

osmotic pressure difference between SF and subsynovium compartments, and also the 

hydraulic conductance of the synovium [47]. At physiological concentrations of 

lubricants in SF, convective fluid flow may be attenuated due to the high osmotic 

pressure and an associated concentration polarization phenomenon that occurs for the 

high molecular weight macromolecules, particularly HA [67, 86, 93]. This 

phenomenon has been experimentally observed when the opposition to fluid filtration 

across the synovium increases in proportion to the applied pressure, and postulated to 

be a result of HA ultrafiltration by the synovium and creation of a highly concentrated 

HA “filter–cake” at the synovial surface [68]. Quantitative models of this hypothesis 

suggest that the osmotic pressure of the concentrated HA layer at the fluid/tissue 

interface provides the force that opposes joint fluid pressure and water outflow [16]. 

The reflection coefficient for HA, or the maximum reflection of HA by the synovium, 

has been estimated at ~0.91 for physiologically normal MWs [86]. 

 

Lubricant Degradation Mechanisms 

The degradation rate of lubricants in SF is dependent upon the concentration 

and activity of degradative species that are present. PRG4 may be targeted by various 

enzymes, and in particular has been shown to be degraded by elastase [24]. HA may 

be targeted by hyaluronidase enzymes [23], or degradative oxygen-derived free 

radicals [32], although the interaction of HA-binding proteins with HA may serve to 

counterbalance such degradation [35]. 
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Lubricant Homeostasis and Dynamics in Health 

Lubricant homeostasis, or maintenance of steady-state lubricant composition in 

SF, is a result of a balance between the dynamic processes of lubricant synthesis, 

degradation, and flux. In normal human knee joints, the volume of SF is ~1-2 ml [84], 

and the concentrations of PRG4 and HA are <0.5 mg/ml [88] and ~1-4 mg/ml [8, 9, 

20, 65], respectively. Lubricant secretion rates, which are key parameters contributing 

to these steady-state concentration, have been studied in vitro for both HA and PRG4, 

with lubricant secretion rates spanning over a wide range depending on applied 

chemical and mechanical stimuli. Lubricant residence time in SF is interrelated to 

lubricant synthesis, degradation, and flux, and in normal joints the half-life of HA has 

been reported to be on the order of ~24 hours [18, 53, 87]. 

 

Lubricant Imbalance in Disease & Injury 

In naturally occurring or animal models of osteoarthritis, rheumatoid arthritis, 

and injury, alterations in SF composition and volume may occur from that of normal 

conditions as a result of imbalances in lubricant dynamics. The volume of SF in 

normal knee joints is ~1-2 ml, but increases ~10-25 fold in inflamed or diseased joints 

[3, 38, 84]; in the latter case, HA and PRG4 concentrations are decreased, but only to 

30-50% of normal levels [3, 8-10]. Thus, the total mass of HA in SF (volume 

multiplied by concentration) may be substantially greater in inflamed or diseased 

joints. Additional changes that often occur in SF composition during pathology 

include a decrease in the molecular weight (MW) of HA [8, 9, 20] and increases in the 

concentrations of certain SF cytokines, including IL-1β, IL-17, IL-32, TGF-β1, and 

TNF-α [11, 43, 51, 64, 101]. 
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Changes to the articular cartilage tissue, particularly in the superficial zone, 

often occur in conditions of injury or disease and may lead to altered SF lubricant 

composition. Fibrillation and erosion result in a loss of the superficial zone of 

cartilage, thus decreasing the quantity of PRG4-secreting chondrocytes. Lubricant 

secretion by remaining chondrocytes may be affected by changes in chemical and 

mechanical stimuli, such as an altered cytokine milieu or altered joint loading and 

biomechanics [31]. 

The synovium often experiences altered structural properties and biosynthetic 

activity in pathological conditions that may similarly contribute to altered SF lubricant 

composition. Altered content and organization of the synovium extracellular matrix 

can markedly affect its permeability to solutes. For example, digestion of selected 

matrix components, such as certain glycosaminoglycans, non-collagenous proteins, 

and HA, has been shown to increase the hydraulic permeability of the synovium [15, 

91]. Such increased permeability may contribute to the observed decrease in HA half-

life in SF in arthritic joints compared to normal joints (~12 hours vs. ~24 hours) [18, 

26, 53, 87]. In a similar manner to chondrocytes in cartilage, lubricant secretion by 

synoviocytes in pathological conditions may be affected by changes in chemical and 

mechanical stimuli, such as an altered cytokine milieu or altered joint loading and 

biomechanics [31]. 

 

 

1.7 Vision and Application of Synovial Joint Models 

The whole synovial joint, including cartilage, synovium and SF, presents 

complexities that make it difficult to continuously measure in vivo SF composition 



19 

 

 

and function, and also the main determinants of their dynamics in health, injury, and 

disease. Models that theoretically describe or experimentally mimic the synovial joint 

may thus be of great value for understanding joint pathophysiology. In particular, 

models that describe or mimic the SF compartment of joints may contribute to an 

understanding of in vivo SF lubricant regulation in health, injury, and disease, and 

may lead to the development of arthritis therapies targeted at restoration of failed joint 

lubrication. 

 

Current Theoretical and Experimental Models of the Synovial Joint 

A mathematical model describing the dynamics of SF lubricant composition in 

native joints has not yet been established; however, the concept of combining theory 

of mass balance with knowledge of fluid and solute transport through the synovium 

has been introduced as an approach for determining the concentration of a molecule in 

SF, such as a lubricant [60]. In addition, an extensive model has been developed to 

describe the transport of albumin from synovial capillaries into SF and out through the 

synovium [59], utilizing general models of fluid flow and solute transport through a 

matrix (reviewed in [19, 58]) and also experimentally-determined model parameters 

[59, 61, 62, 79, 80, 85, 94]. A similar approach may be taken to mathematically model 

HA and PRG4 transport across the synovium and associated lubricant concentration in 

SF.  

Several in vitro experimental culture systems exist that have incorporated 

certain biomimetic features of the synovial joint to examine the biology and 

mechanobiology of synovium and its interaction with articular cartilage, but an 

experimental model that includes a SF-like compartment has not yet been established. 

For example, a three-dimensional synovial-like tissue similar to native synovium has 
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been generated in vitro to study the function and behavior of synoviocytes in 

organizing the synovium [49]. Chondrocyte and synoviocyte co-culture systems have 

been utilized to assess modulation of cartilage matrix metabolism as a result of 

cellular interaction [71, 77]. Mechanical regulation of articular cartilage with attached 

subchondral bone has been examined not only for osteochondral fragments [99, 100], 

but also for whole knee joints utilizing a joint-scale bioreactor [72]. However, an 

experimental system that combines lubricant secreting cell types with a lubricant-

retaining membrane to generate a bioengineered SF with lubricant composition and 

function similar to that of native SF has yet to be established.  

 

Vision and Application of Models with a Synovial Fluid-Like Compartment 

The vision of this dissertation was to develop theoretical and experimental 

models of the synovial joint to describe the dynamics of lubricant concentration in SF, 

and to biomimetically generate a mechanically functional bioengineered SF.   

It was hypothesized that incorporation of the biophysical features of the 

synovial joint into a theoretical model of the SF compartment would allow SF 

lubricant composition to be described and predicted. This type of model may have 

applications in predicting transient and steady-state SF lubricant concentration in 

native joints under physiological and pathophysiological conditions, with various 

regulators of chondrocyte and synoviocyte lubricant secretion, and with different 

therapeutic interventions. The model may similarly be applied to experimental models 

of the joint, at tissue scale or whole joint scale, to describe a bioengineered SF 

compartment. 

It was also hypothesized that recapitulation of the biophysical features of the 

synovial joint in a biomimetic bioreactor system would produce a bioengineered SF 
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with lubricant composition and function similar to that of native SF. A bioengineered 

SF may be beneficial in tissue engineering articular cartilage and synovial joints for 

the treatment of arthritis, as an appropriate lubricating environment may be critical to 

maintain the low-friction, low-wear properties of articulating cartilage surfaces 

undergoing joint-like motion in bioreactors. The ability to generate such a fluid may 

have additional applications in developing arthritis therapies targeted at restoration of 

failed joint lubrication, such as viscosupplements and molecules that regulate lubricant 

secretion, and may also further our understanding of in vivo SF lubricant regulation. 
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CHAPTER 2: 

A MODEL OF SYNOVIAL FLUID LUBRICANT 

COMPOSITION IN NORMAL AND INJURED JOINTS 

2.1 Abstract 

The synovial fluid (SF) of joints normally functions as a biological lubricant, 

providing low-friction and low-wear properties to articulating cartilage surfaces 

through the putative contributions of proteoglycan 4 (PRG4), hyaluronan (HA), and 

surface active phospholipids (SAPL). These lubricants are secreted by chondrocytes in 

articular cartilage and synoviocytes in synovium, and concentrated in the synovial 

space by the semi-permeable synovial lining. A deficiency in this lubricating system 

may contribute to the erosion of articulating cartilage surfaces in conditions of 

arthritis. A quantitative intercompartmental model was developed to predict in vivo 

SF lubricant concentration in the human knee joint. The model consists of a SF 

compartment that (a) is lined by cells of appropriate types, (b) is bound by a semi-

permeable membrane, and (c) contains factors that regulate lubricant secretion. 

Lubricant concentration was predicted with different chemical regulators of 

chondrocyte and synoviocyte secretion, and also with therapeutic interventions of 

joint lavage and HA injection. The model predicted steady-state lubricant 

concentrations that were within physiologically observed ranges, and which were 
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markedly altered with chemical regulation. The model also predicted that when 

starting from a zero lubricant concentration after joint lavage, PRG4 reaches steady-

state concentration ~10-40 times faster than HA. Additionally, analysis of the 

clearance rate of HA after therapeutic injection into SF predicted that the majority of 

HA leaves the joint after ~1-2 days. This quantitative compartmental model allows 

integration of biophysical processes to identify both environmental factors and clinical 

therapies that affect SF lubricant composition in whole joints.    
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2.2 Introduction 

The synovial fluid (SF) of natural joints normally functions as a biological 

lubricant as well as a biochemical pool through which nutrients and regulatory 

cytokines traverse. SF contains molecules that provide low-friction and low-wear 

properties to articulating cartilage surfaces. Molecules postulated to play a key role, 

alone or in combination, in lubrication are proteoglycan 4 (PRG4)  [93] present in SF 

at a concentration of 0.05-0.35 mg/ml  [79], hyaluronan (HA)  [64] at 1-4 mg/ml  [53], 

and surface-active phospholipids (SAPL) [86] at 0.1 mg/ml [53]. Synoviocytes secrete 

PRG4 [32, 83] and are the major source of SAPL [18, 31, 85], as well as HA [29, 57], 

in SF. Other cells also secrete PRG4, including chondrocytes in the superficial layer of 

articular cartilage [80, 82] and, to a much lesser extent, cells in the meniscus [84].  

As a biochemical depot, SF is an ultrafiltrate of plasma that is concentrated by 

virtue of its filtration through the synovial membrane. The synovium is a thin lining 

(~50-60 µm in humans) comprised of tissue macrophage A cells, fibroblast-derived B 

cells [3, 72, 103], and fenestrated capillaries [37]. It is backed by a thick layer (~100 

µm) of loose connective tissue called the subsynovium (SUB) that includes an 

extensive system of lymphatics for clearance of transported molecules. The cells in the 

synovium form a discontinuous layer separated by intercellular gaps of several 

microns in width [37, 54]. The extracellular matrix in these gaps contains collagen 

types I, III, and V [2, 73], hyaluronan [104], chondroitin sulphate [69, 105], biglycan 

and decorin proteoglycans [12], and fibronectin [68]. The synovial matrix provides the 

permeable pathway through which exchange of molecules occurs [44], including the 

lubricants PRG4 and HA, but also offers sufficient outflow resistance [12, 90] to 

retain large solutes of SF within the joint cavity. Together, the appropriate reflection 
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of secreted lubricants by the synovial membrane and the appropriate lubricant 

secretion by cells are necessary for development of a mechanically functional SF.  

The mechanobiology of joints and SF constitutes a complex, low-friction, low-

wear system that is normally in homeostasis. However, in arthritis, injury, and 

artificial joint failure, there is increased friction between the articulating surfaces and 

concomitant erosion of the load bearing elements [9]. This increase in friction is 

associated with altered SF composition. Specifically, the SF PRG4 concentration 

decreases following acute injury, as does the friction-lowering property of such SF 

[20], while PRG4 concentration increases in patients undergoing arthrocentesis 

procedures [79]. HA [7] and SAPL [71] also exhibit decreased concentrations in 

osteoarthritis, and HA is also decreased with failure of artificial joints [53]. The 

mechanisms by which altered SF lubricant composition occur are unknown.  

Joint injury and arthritis may additionally result in dramatic changes in the 

concentration of some cytokines in SF [8, 10, 21, 22, 58, 65, 102]. A complex milieu 

of regulatory cytokines exist in SF, including TGF-β, IGF-1, TNF-α, IL-1, and IL-6 

[22, 35, 78, 99, 102]. The cytokines TGF-β and IL-1 can have significant effects on 

secretion of lubricants by both chondrocytes and synoviocytes. IL-1 downregulates 

PRG4 secretion by chondrocytes, while TGF-β upregulates PRG4 secretion [23, 81]. 

Additionally, both TGF-β and IL-1 result in increased HA secretion by synoviocytes 

[29, 57]. Thus, the changing chemical environment with injury and arthritis may have 

significant effects on lubricant secretion by cells, and, consequently, SF lubricant 

composition. 

A variety of treatments have been developed to biologically alter the synovial 

joint environment in injury and arthritis. Some pharmaceutical agents are capable of 

reducing pain and inflammation [27, 60]. HA injections have been purported to affect 
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the biology of the joint in order to restore the viscosity and protective functions of the 

synovial fluid [59, 98]. Therapeutic joint lavage has been used to cleanse the joint of 

cartilage degradation products, proinflammatory cells, and destructive enzymes 

associated with arthritis [4], and can be performed alone or in combination with anti-

inflammatory steroids [26, 96]. These treatments have not specifically targeted 

restoration of lubrication in joints, and treatment effects on SF lubricant composition 

have not yet been examined. 

 The whole synovial joint, including cartilage, synovium and SF (Figure 2.1), 

presents complexities that make it difficult to measure continuously the in vivo SF 

lubricant composition, and also the main determinants of dynamics in this 

composition.    General models of fluid flow and solute transport through a matrix 

(reviewed in [15, 42]) have been developed, and extensive analysis of the synovium 

structure has been performed to obtain values for functional parameters that control its 

transport properties [44, 46, 47, 69, 70, 75, 89]. Knowledge of the structure of 

synovium, along with related published data, has been applied to the models of fluid 

and solute transport to specifically model the flow of albumin from synovial 

capillaries into SF and out through the synovium membrane [44]. Additionally, the 

concept of combining the theory of mass balance with the data on fluid and solute 

transport through the synovium has been introduced as an approach for determining 

the concentration of a molecule in SF, such as a lubricant [45].  
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Figure 2.1: (A) Synovial joints are generally composed of cartilage, synovium, and 
SF, (B) modeled by communicating compartments in which chemical and mechanical 
factors regulate lubricant secretion. 
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Thus, the objective of this study was to develop a mathematical model to 

analyze lubricant composition in SF of whole human knee joints, expanding upon the 

approaches taken in previous studies and utilizing relevant published functional 

parameters. The model was applied to determine theoretically (1) the steady-state 

lubricant concentration in SF under normal and altered chemical environments in the 

synovial joint that may occur with injury and disease, (2) the kinetics associated with 

attaining these steady-state concentrations from a zero starting concentration after 

simulated joint lavage, and (3) the clearance rate of HA from the joint after simulated 

therapeutic HA injection. The validity of the model was assessed by comparison of the 

lubricant concentrations predicted at steady-state with those observed in vivo. 

 

2.3 Model 

The model consists of a SF compartment surrounded by articular cartilage and 

a semi-permeable synovial membrane that separates the SF from an underlying 

subsynovium (SUB) compartment (Figure 2.2). Lubricants are secreted into the SF by 

chondrocytes in articular cartilage (AC) and synoviocytes in the synovium (SYN). 

Some lubricants are lost from the SF by either degradation or flux through the 

membrane into the SUB; however, the synovium offers sufficient outflow resistance to 

retain a large pool of lubricant macromolecules in the SF. Transient accumulation of 

lubricants exists in the SF compartment until the system reaches a steady-state 

lubricant composition. A complete list of variables and parameters included in the 

model are shown in Table 2.1. 
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Figure 2.2: Schematic of synovial fluid composition model. Cartilage and synovium 
form a compartment around the synovial fluid, where lubricants secreted by the 
chondrocytes and synoviocytes are retained by the semi-permeable synovium. See 
Table 2.1 for a complete list of variables. 
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Table 2.1: List of model variables and parameters. 
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Governing Equations 

 The rate of change in mass of lubricant i (i=PRG4, HA, or SAPL) that has a 

concentration of ci
SF in a SF volume of VSF is assumed to depend on the secretion rate 

of i by AC (ri
AC) and SYN (ri

SYN) of areas AAC and ASYN, the degradation rate of i in SF 

(di
SF), and the flux of i across the synovial membrane area (Ji

SYN). All parameters are 

also a function of time, t, and the environment, which is described by the parameter α 

and includes chemical and mechanical factors.  

A mass balance applied to the SF compartment results in:      

 

),(),(),(),(),(),(
)],(),([

αααααα
αα

tJtdtAtrtAtr
t

tctV SYN
ii
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−−⋅+⋅=
∂
⋅∂  (1) 

 

The degradation rate of i (di) is dependent upon the concentration and activity 

of degradative enzyme in SF. For example, the protein PRG4 may be targeted by 

various enzymes, and in particular has been shown to be degraded by elastase [20]. As 

shown by that study in a rabbit knee model of acute injury, injured SF had an elastase 

activity level of 1-4 µunits/ml, or about 0.2-0.6 pg/ml of elastase (1 mg = ~6.8 units) 

Application of 7 µg of elastase to 5 µg of PRG4 resulted in complete degradation of 

PRG4 within 2-6 hours. Thus, di can be of the form: 

 
  ),t(V),t(c),t(Y),t(X),t(d SFSF

ii ααααα ⋅⋅⋅=  (2) 

 

where X is the ratio of concentration of degradative enzyme in SF to the concentration 

of lubricant in SF, and Y is the mass of substrate degraded per mass of enzyme per unit 

time. A similar analysis can be performed for other degradative enzymes that target 

PRG4, and also for enzymes present in SF that degrade HA, such as hyaluronidase. 
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The flux of lubricants (Ji
SYN) across the membrane is a sum of the solute flux 

due to diffusion (Ji,diff
SYN) and the solute flux due to convective fluid flow (Ji,conv

SYN):  

 
  SYN

conv,i
SYN

diff,i
SYN

i JJJ +=  (3) 

 

Ji,diff
SYN is dependent upon the permeability (pi,

SYN) and area (ASYN) of the synovial 

membrane and the concentration gradient between the SF and SUB compartments: 
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  Ji,conv
SYN is dependent upon the fluid flow out of the membrane (Jv

SYN), the 

reflection coefficient of the membrane (σi), and the concentration of i in SF (ci
SF) [15, 

66]: 

 
  SF

ii
SYN

v
SYN

conv,i c)1(JJ ⋅−= σ  (5) 

 

  Jv
SYN can be described by the following expression for fluid flow across a leaky 

membrane [36]: 

 
  ),()],(),(),([ ααπασα tAtttPkJ SYN

ii
SYNSYN
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where ΔPSYN is the hydrostatic pressure difference and Δπi is the osmotic pressure 

difference between SF and SUB compartments, respectively, and k is the hydraulic 

conductance of the synovium. 
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Membrane Permeability 

Lubricant transport through the synovium occurs around the spaces, or volume 

fractions, occupied by synoviocytes (θcell) and collagen fibrils (θcol), and around the 

polymer volume fraction of glycosaminoglycans (θGAG), and is further limited by the 

tortuosity of the pathway imposed by the cells (ζcell) and collagen fibrils (ζcol) [44]. 

Thus, there is restricted diffusion of lubricants within the synovium compared to 

diffusion in free solution. The restricted diffusion coefficient (Di
SYN) for a globular 

solute within the GAG matrix of synovium is related to the diffusion coefficient in 

free solution (Di), θGAG, the radius of GAG chains (aGAG), and the effective radius of 

the solute (ai) [63]: 
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The ai can be taken as the Stokes-Einstein equivalent radius of a solute, 

estimated from its molecular weight (MW) and density (ρ), according to the following, 

where Na is Avogadro’s number [97]: 
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The permeability associated with the interstitial, or extracellular, space (pi
INT) 

is a function of the restricted diffusion coefficient of the lubricant in the matrix 

(Di
SYN), the partition coefficient (φi), the volume fraction (θcol) and tortuosity (ζcol) of 

the impenetrable collagen matrix components, and the thickness of the membrane (L) 

[44]: 
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The φi of the lubricant in the matrix represents the ratio of the available solute 

space to the space occupied by the GAGs. The fractional space available to the solute 

(KAV) is given by the Ogston relation [63]. 
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 The φi is related to KAV by the following [15]: 

 

  
GAGe

),t(K),t( AV
i θ

ααφ −=  (11) 

 

 Finally, the permeability of the entire synovium (pi
SYN) to the lubricant i is a 

function of the interstitial permeability (pi
INT), and also the volume fraction (θcell) and 

tortuosity (ζcell) imposed by the impenetrable synoviocytes in the membrane [44]:      

 
  ),t()],t(1[),t(p),t(p cellcell

INT
i

SYN
i αζαθαα ⋅−⋅=  (12) 

 

Non-Dimensional Equations 

The governing equations of the model can be non-dimensionalized by defining 

non-dimensional concentration (ci’SF), secretion rates (ri’SYN, ri’AC), degradation rate 

(di’) and time (t’): 
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After substitution and simplification, a non-dimensional mass balance 

governing equation results: 
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The non-dimensional parameters, k1, k2, k3, and τi are defined below: 
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Model Assumptions 

General assumptions. It is assumed that the only parameters in the model that 

are altered with changes in the chemical environment (i.e. are a function of α) are the 

lubricant secretion rates and the dependent lubricant concentration. It is also assumed 

that the concentration of lubricants in the SUB compartment is zero for all situations, 

as transported fluid and solutes drain away via the system of lymphatics along 

intermuscular connective tissue planes [34, 39, 40]. 

 

  0),t(c SUB
i =α   (23) 

 

SF volume is kept in a steady-state, as the filtration of fluid across the capillary 

wall into SF occurs at a rate equal to that of lymph flow [42]. It is also assumed that 

the degradation of lubricants is negligible compared to cellular secretion rates: 

 

  0),t(di =α   (24) 
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Additionally, the flux of lubricants due to fluid convection is also considered 

negligible compared to the flux due to diffusion, as the ratio of convective transport of 

solute to diffusive transport of solute was estimated for albumin to be <<1 [56]: 

 

  0),t(J conv,i =α   (25) 

 

Further support for this assumption comes from the fact that convective fluid 

flow out of the joint cavity may be attenuated by SF osmotic pressure at high lubricant 

concentrations, and also by a concentration polarization phenomenon for large 

molecules in SF such as HA [55, 76, 88]. 

 

 Case 1: Steady-state. The concentration of lubricants at steady-state will not 

change with time:  

 

  0),t(
t

c SF
i =∞=
∂

∂ α  (26)                          

 

Case 2: Joint lavage. After joint lavage, the concentration of lubricants in the 

SF will be effectively reduced to zero: 

 

  0),0t(c SF
i == α  (27) 

 

The secretion rates with no chemical stimulation will be considered to be basal 

levels. Also, the volume of SF will be unaffected by the lavage procedure as any 

volume of fluid that remains in the joint and exceeds normal SF volume will be 

removed quickly. The transynovial flow rate of water is normally ~5-10 µl/min at an 
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intraarticular pressure of ~2 cmH2O (flexed knee joint), but under raised intraarticular 

pressures of ~20 cmH2O (chronic joint effusion) that occur with large increases in SF 

volume, is ~20-40 µl/min [13, 87]. Thus, the SF volume of 1 ml in normal human 

knee joints turns over in ~1-2 hrs, and portions of volumes in excess of this would 

likely equilibrate in <1 hr. 

 

Case 3: HA injection. Prior to the injection, the concentration of HA in SF 

will be equal to that achieved at steady-state: 

 

  ),t(c),0t(c SF
HA

SF
HA αα ∞=== −  (28)  

 

 HA injections are generally on the order of 20 mg [98], and this will represent 

the bolus of HA introduced into the joint.  

 

  SF
SF

HA
SF

HA V
mg20),0t(c),0t(c +=== −+ αα  (29) 

 

The volume of SF will also be unaffected by this procedure due to the 

relatively high transynovial flow rate of water, particularly at raised intraarticular 

pressures and volumes. With a flow rate of ~20-40 µl/min [13, 87], a typical injection 

of 2 ml buffer solution would drain in ~1-2 hr. 

 

 

Model Parameters 

Values for parameters used in the model are based on published values in the 

literature. The properties of cartilage, synovium, and synoval fluid utilized in the 
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model include cartilage and synovium surface area, synovial fluid volume, and 

organization of the synovium relating to transynovial transport. The total surface area 

in the human knee joint is 121 cm2 for cartilage [19] and 277 cm2 for synovium [17], 

and the synovial fluid volume enclosed by these surfaces is 1.1 ml [74]. The 

synovium, which is 50 µm thick in humans [70], has a cell volume fraction varying 

from 0.42 at the surface to 0.67 in deeper layers and a tortuosity due to the cells of 

0.69 [46, 47]. The volume fraction due to collagen is 0.2 [44] and the tortuosity is 0.70 

[50, 92]. The portion of synovium through which lubricants travel contains GAG 

chains with radii of 0.56 nm [63] and a volume fraction of 0.0075 [75, 89]. 

 The molecular weight forms of PRG4 that have been isolated from SF and 

cartilage exist in the range of 220 kDa [95] to 345 kDa [82], while HA exists in the 

range of 2000-6000 kDa [25]. The mass density for both PRG4 and HA is 1.45 g/ml 

[49, 51, 94]. These parameters were used together to calculate a range of PRG4 and 

HA radii, assuming the idealized case that they exist in SF as globular solutes.  

Diffusion coefficients have been determined for PRG4 and HA in free 

solution, and are 1.11 x 10-7 cm2/s [94] and 9.8 x 10-8 cm2/s [48], respectively. These 

free diffusion coefficients were used with the above parameter values of tissue and 

lubricant properties to calculate restricted diffusion and also permeability of lubricants 

through synovium. 

Secretion rates used in the model depend on the regulatory factors present in 

the system, and are different under basal, TGF-β (10 ng/ml), and IL-1 (10 ng/ml) 

conditions. IL-1 downregulates PRG4 secretion by chondrocytes from 2.89 x 10-7 

mg/(cm2·s) to 1.16 x 10-7 mg/(cm2·s), while TGF-β upregulates PRG4 secretion to 

1.16 x 10-6 mg/(cm2·s) [23, 81].  Synoviocyte PRG4 secretion is similarly regulated by 

these cytokines, as IL-1 downregulates secretion from 4.05 x 10-9 mg/(cm2·s) to 2.43 x 
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10-9 mg/(cm2·s), and TGF-β upregulates secretion to 2.23 x 10-8 mg/(cm2·s) 

(unpublished data). TGF-β and IL-1 result in increased HA secretion by synoviocytes, 

rising from 2.84 x 10-9 mg/(cm2·s) to 6.72 x 10-8 mg/(cm2·s) and 9.95 x 10-8 

mg/(cm2·s), respectively [29]. Cellular secretion rates for synoviocytes were converted 

to tissue secretion rates using a ~0.8 surface area fraction of synovium occupied by 

synoviocytes [70] and assuming a typical cell diameter of ~16 µm.   

 

Solutions 

 Using the parameter values above and listed in Table 2.2, the first-order 

system of ordinary differential equations were solved numerically using Matlab 7.0 

(The MathWorks, Natick, MA). Results are given for both the low and high end of the 

predicted concentration range for each lubricant. General concentration profiles are 

also presented as a function of the non-dimensional constants and τi. 
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Table 2.2: Values used in the model. TGF-β and IL-1 values are for a concentration of 
10 ng/ml. 
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2.4 Results 

Case 1: Steady-state Lubricant Concentration 

The form of the solution for ci
SF at steady-state is determined from equations 

13-18,  
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or equivalently, from equations 1 and 4: 
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The form of the equations shows that increases in ri
AC and ri

SYN result in 

increases in ci
SF. Increases in k1 and k2 also cause increases in ci

SF, and can be 

achieved by decreases in pi
SYN or increases in the ratio of AAC to ASYN. 

A range of values has been noted for some of the parameters used in the model 

(Table 2.2), and thus there was a range of model predictions for lubricant 

concentrations in SF. Permeability ranged from 6.79 x 10-7 cm/s - 1.56 x 10-6 cm/s for 

PRG4 and 1.73 x 10-8 cm/s - 1.84 x 10-7 cm/s for HA. The range of predictions for 

cPRG4
SF and cHA

SF at steady-state under basal conditions were 0.08-0.19 mg/ml and 

0.02-0.16 mg/ml, respectively. With TGF-β stimulation, cPRG4
SF increased to 0.34-0.77 

mg/ml and cHA
SF increased to 0.36-3.89 mg/ml, while with IL-1 cPRG4

SF decreased to 

0.03-0.08 mg/ml but cHA
SF increased to 0.54-5.77 mg/ml (Table 2.3). 
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Table 2.3: Steady-state model predictions of ranges of synovial fluid lubricant 
composition under basal conditions or with 10 ng/ml of TGF-β or IL-1. 
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Transient Changes in Lubricant Concentration 

The form of the solution for transient changes in ci
SF is determined from 

equations 13-18,  
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or equivalently, from equations 1 and 4: 
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General curves with concentration plotted against time for conditions of joint 

lavage and HA injection are shown in Figure 2.3. This general case illustrates that 

steady state lubricant concentration levels are governed the non-dimensional constants 

k1 and k2 and secretion rates, while the temporal effects are governed by τi. The 

parameter τi describes the kinetics of lubricant concentration in SF, and represents the 

time to reach 63% of the steady state concentration after joint lavage, or time for 63% 

of injected HA to be cleared from the SF. The form of τi shows that increases in pi
SYN 

and ASYN result in decreases in τi, while increases in VSF cause increases in τi. 

Numerical values for transient and steady state lubricant concentrations in the 

different cases are discussed below. 
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Figure 2.3: General curves of concentration plotted against time for conditions of 
joint lavage and HA injection, illustrating that steady state lubricant concentration 
levels are governed the non-dimensional constants k1 and k2 and secretion rates, while 
the temporal effects are governed by τi. 
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Case 2: Joint Lavage 

After joint lavage, the starting concentration of lubricants in SF was decreased 

in a step-wise manner to 0 mg/ml at t=0 and returned to the predicted steady-state 

concentration with kinetics that were markedly different for PRG4 and HA. The range 

of time constants, which indicate the time to reach 63% of steady-state concentration 

of lubricant in SF were 0.03-0.07 days for PRG4 (Figure 2.4A,B) and 0.25-2.66 days 

for HA (Figure 2.4C,D). Chemical stimulation with TGF-β and IL-1 is not predicted 

to alter the kinetics of lubricant restoration following joint lavage; however, as noted 

for steady-state predictions, TGF-β and IL-1 dictated the magnitude attained at steady-

state. 

 

Case 3: Therapeutic HA Injection.  

After an HA injection of 20 mg, the concentration of HA in SF increased by 

18.2 mg/ml and then returned to steady-state concentration after a duration of time 

(Figure 2.5A,B). The time for 63% of the injected HA to be cleared from the joint, 

was 0.25-2.66 days. As stated above, chemical stimulation with TGF-β and IL-1 did 

not alter the kinetics associated with HA injection, but dictated the magnitude of the 

final steady-state concentration.  
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Figure 2.4: Transient rise in synovial fluid lubricant concentration after joint lavage, 
with or without chemical regulatory factors, and associated time constants, τ. (A) low 
end PRG4 predictions, (B) high end PRG4 predictions, (C) low end HA predictions, 
and (D) high end HA predictions. 
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Figure 2.5: Transient changes in synovial fluid lubricant concentration after 
therapeutic HA injection, with or without chemical regulatory factors, and associated 
time constants, τ. (A) low end HA predictions and (B) high end HA predictions. 
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2.5 Discussion 

This study describes some essential features of steady-state and kinetic SF 

lubricant composition in whole joints under normal or altered chemical environments, 

and also with different therapeutic interventions. The model predicts steady-state 

lubricant concentrations that are consistent with physiologically observed 

concentrations. Further, chemical alterations in the synovial joint environment that 

may occur in injury and disease were predicted to alter lubricant concentration. The 

kinetics associated with joint lavage predicted that PRG4 and HA achieve steady-state 

concentration on distinct time scales. Finally, therapeutic injection of HA into SF was 

predicted to cause an immediate increase in HA concentration, which returns to 

steady-state concentration after ~1-2 days.  

The quantitative intercompartmental model developed in this study included 

several assumptions that allowed for a straightforward analysis that could be expanded 

upon. For example, the model could be extended by including additional 

environmental factors and allowing a number of parameters to change with the 

environment and time. Some parameters in the model are also described in bulk and 

spatially averaged terms rather than on multiple scale levels. Finally, physical and 

chemical interactions of lubricants with their environment were not considered in the 

model, and may affect the free concentration of lubricants in SF.  

While lubricant secretion rates were the sole variables in the model that were 

assumed to be dependent on chemical factors, other variables and parameters included 

in the model may also be affected by these and other environmental factors. Such 

environmental factors can include mechanical stimuli that are also known to regulate 

lubricant secretion by both chondrocytes and synoviocytes. Compressive forces 
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downregulate PRG4 secretion by chondrocytes, while shear forces upregulate PRG4 

secretion [61, 62]. Mechanical stretching of synovium results in increased HA 

secretion by synoviocytes [57]. Both chemical and mechanical factors may affect not 

only lubricant secretion, but also parameters that influence permeability of the 

synovial membrane. For example, different cytokines may have anabolic or catabolic 

effects on the extracellular matrix of synovium and thus alter its composition and 

organization. The increased permeability of the synovium in rheumatoid arthritis may 

possibly reflect such a phenomenon [41]. Joint motion involving stretching of the 

synovium may result in changes in thickness and area of the membrane, leading to 

altered permeability. Chemical and mechanical factors may also affect synovium 

permeability by regulating aspects of lubricant metabolism, such as the molecular 

weight form of lubricant that is secreted. In the SF of arthritic joints, HA exists at a 

lower molecular weight [5, 16], while in normal SF, PRG4 may exist in both 

monomeric and multimeric forms [67]. Changes in any of these parameters that affect 

permeability to lubricants may also alter the rate at which fluid is transported across 

the synovial membrane. The direction, i.e. entry or exit, of this fluid transport may 

similarly be controlled by chemical and mechanical factors, such as osmotic pressure 

exerted by SF molecules and hydrostatic pressure due to joint flexion and extension. 

Thus, changes in parameters that affect permeability may subsequently lead to 

changes in SF volume. Such concomitant alterations in membrane area and 

permeability, SF volume, and the turnover of SF are observed in cases of joint 

swelling associated with injury or disease [43, 100].  

The parameters of the compartmental model may be taken as a macroscopic 

representation of processes occurring on multiple scales, each of which may have 

distinct spatial and temporal characteristics. For example, the matrix composition of 
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the synovium may be affected by cytokines that alter the content of a specific collagen 

type. The current model reflects this change only in the lumped parameters that 

represent total collagen volume fraction and tortuosity, and thus does not attempt to 

discriminate details on this scale. The model also does not reflect alterations in gene 

expression for either lumped or specific components. At each of these scales, tissue 

properties may vary throughout the total area or volume, and triggered events may 

occur over distinct time scales for different components. 

Interactions of lubricants with themselves, other lubricants, or with 

surrounding tissues could also be included in the model. For example, PRG4 may 

interact with itself, as both monomeric and multimeric forms have been observed [67]. 

HA may also be influenced by its own presence, as secretion by synoviocytes can 

depend upon the concentration and molecular weight form of HA in the environment 

of the synoviocytes [91]. Lubricant molecules may also interact with each other. In 

particular, the putative lubricant surface active phospholipid (SAPL) may bind to HA 

or PRG4 and be carried in SF by these molecules [30]. It should be noted that SAPL 

was not examined in this model as there is conflicting evidence on its role in joint 

lubrication [31, 33]. However, its behavior indicates that interactions between 

molecules in SF do exist. Electrostatic interactions between lubricants and the 

extracellular matrix of synovium, and binding of lubricants to tissues in the joint may 

also be important processes affecting SF lubricant composition. 

Steady-state lubricant concentrations predicted by the model were generally 

consistent with those observed physiologically. The concentration of PRG4 in human 

SF ranges from 52-350 μg/ml in normal joints post-mortem, and increases to 276-762 

μg/ml in SF obtained from patients undergoing arthrocentesis procedures [79]. In 

acute injury in a rabbit knee model, PRG4 concentration decreased from 280 μg/ml to 
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20-100 μg/ml [20]. Model predictions of cPRG4
SF at steady-state under basal conditions 

were comparable to that observed in normal SF in vivo. The model predicted an 

increased PRG4 concentration with TGF-β stimulation but decreased concentration 

with IL-1, which may reflect distinct changes in the SF chemical environment that 

occur with different types of injury and disease. The concentration of HA in human SF 

ranges from 1-4 mg/ml in healthy individuals [6, 11, 53, 101], and decreases after 

effusive joint injury [1] and in arthritic disease to ~0.1-1.3 mg/ml [16, 53]. Model 

predictions of cHA
SF under basal conditions were considerably below normal SF 

concentration. Stimulation with either TGF-β or IL-1 increased cHA
SF to the upper 

range of in vivo levels, which may indicate that a certain concentration of these 

cytokines is required in normal SF to achieve physiological concentrations of HA. The 

discrepancy between observed HA concentration in diseased joints and model 

predictions in an environment of increased cytokine concentration that may exist in 

injury and disease might result from allowing only lubricant secretion rates in the 

model to change as a function of the environment. As discussed previously, chemical 

stimuli may exert their effects on SF lubricant composition by altering the 

permeability of the synovium which may dominate over alterations in lubricant 

secretion rates. 

The distinct kinetics of PRG4 and HA restoration after joint lavage have 

implications for disease and clinical therapies. For example, in acute injury, both 

PRG4 and HA concentrations are observed to decrease [1, 20]. Model predictions 

suggest that after the inflammation of an acute injury has cleared, the concentration of 

PRG4 may be restored relatively rapidly compared to the concentration of HA. The 

minimum concentration of lubricants in SF that is required to create a mechanically 

functional fluid is unknown. However, decreasing doses of SF and the PRG4 and HA 
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constituents results in increased friction between articulating cartilage surfaces in a 

cartilage-on-cartilage friction test (unpublished data, Schmidt 2006). If the joint 

lavage procedure challenges the low-friction, low-wear environment of synovial joints 

in the short term, it may prove beneficial to provide adjunctive therapies to normalize 

lubricant concentrations. Steroid supplementation is commonly given with joint 

lavage to help reduce inflammation [26, 96], and more recently, HA supplementation 

has been given to enhance lubrication in the joint and decrease post-procedure pain 

[52]. The model predictions in this study support the use of lubricant supplementation 

to temporarily increase lubricant concentration in SF.  

The clearance rate of HA predicted by the model after therapeutic injection is 

generally consistent with experimental reports, suggesting that this approach of 

analysis may be useful for putative therapies involving delivery of PRG4. The half-life 

of HA in SF has been studied in rabbit and sheep models, and is on the order of ~24 

hours for normal joints [14, 38, 77], but decreases to ~12 hours in the case of induced 

arthritis in the sheep model [24]. In the present study, simulated therapeutic delivery 

of HA into SF resulted in a large instantaneous rise in concentration over the steady-

state levels, but the model predicted that the injected HA appreciably cleared (i.e. 63% 

cleared) after 0.25-2.66 days. This rate of clearance is also consistent with the periodic 

weekly injection of HA into diseased joints [98]. Clinical results of therapeutic HA 

injection can be highly dependent upon the molecular weight of HA [28, 59], possibly 

reflecting changes in synovium permeability and the half-life of this molecule in SF. 

Thus, the present model may have applications in comparing the kinetics of molecular 

concentrations with associated clinical outcomes. 

The quantitative intercompartmental model of SF lubricant composition 

developed in this study may also have applications to a variety of current and future 
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joint therapies. In partial or total knee arthroplasty, removal of the cartilage surface 

areas may affect lubricant concentration. In cell injection or transplantation therapies, 

the model may elucidate the effects of the cell sources on lubricant concentration. In 

engineering whole biological joints, the model may facilitate development of a 

mechanically functional bioengineered SF in a closed volume. Such bioengineering of 

fluid, as opposed to the traditional engineering of tissues, may be a critical component 

of a whole joint bioreactor system for creation of large contoured orthotopic tissue 

blocks for biological arthroplasty. 
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CHAPTER 3: 

INTERACTIVE CYTOKINE REGULATION OF 

SYNOVIOCYTE SECRETION OF                              

SYNOVIAL FLUID LUBRICANTS,                                         

HYALURONAN AND PROTEOGLYCAN 4 

3.1 Abstract 

Introduction: The regulation by cytokines of secretion of synovial fluid (SF) 

lubricants, hyaluronan (HA) and proteoglycan 4 (PRG4), is important in health, injury, 

and disease of synovial joints, and also in developing approaches for controlling 

lubricant secretion in synovial joint bioreactors. The objective of this study was to 

determine the levels of lubricant secretion by synoviocytes, as well as the structure of 

secreted HA and PRG4, in response to IL-1β, IL-17, IL-32, TGF-β1, and TNF-α, 

applied individually and in combination. 

Methods: Human synoviocytes were treated with IL-1β, IL-17, IL-32, TGF-β1 

(0.1, 1, 10 ng/ml), and TNF-α (1, 10, 100 ng/ml) individually, and in all combinations 

(using highest concentration). Synoviocyte secretion of HA and PRG4 were assessed 

by quantifying levels of these molecules in conditioned medium using ELISA and 
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binding assays, and assessing the molecular weight (MW) by gel electrophoresis and 

Western blotting. 

Results: HA secretion rates were increased ~40-fold over control levels by IL-

1β and to a lesser extent by TNF-α or TGF-β1, and increased synergistically to ~80-

fold by the combination of IL-1β+TGF-β1, or of TNF-α+IL-17. PRG4 secretion rates 

were increased ~80-fold over control levels by TGF-β1, and this effect was 

counterbalanced by IL-1β and TNF-α. Secreted HA was distributed primarily in the 

<1 MDa MW range under control conditions and after stimulation by individual 

cytokines, but distributed in the >1 MDa MW range and concentrated at >3 MDa, 

more closely resembling the MW distribution of HA in normal human SF, after 

stimulation by IL-1β+TGF-β1+TNF-α. The MW of secreted PRG4 was not affected 

by cytokines, and similar to that of the high MW PRG4 in human SF.  

Conclusions: The results of this study provide information on cytokine 

regulation of HA and PRG4 secretion rates and structure, and contribute to an 

understanding of the relationship between alterations in SF cytokine and lubricant 

content that occur in injury and disease. The results also provide approaches for using 

individual and combinations of cytokines to modulate HA and PRG4 secretion rates 

and HA MW over a range of magnitudes, which may allow achievement of desired 

lubricant composition of fluid generated in synovial joint bioreactors. 
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3.2 Introduction 

The synovial joint is a low-friction, low-wear load-bearing system that 

includes articular cartilage, synovial fluid (SF), and synovium components. Articular 

cartilage is composed of chondrocytes within a dense extracellular matrix, and bears 

load and slides relative to an apposing surface with low-friction and low-wear 

properties. The SF acts biomechanically on articular cartilage as a lubricant, 

containing a number of lubricating molecules, as well as regulatory cytokines, 

nutrients, and other components. The lubricating molecule hyaluronan (HA) in SF is 

produced predominantly by fibroblast-like synoviocytes in synovium (abbreviated in 

this paper as “synoviocytes”) [21, 49], while the lubricating molecule proteoglycan 4 

(PRG4) is secreted by synoviocytes as well as chondrocytes in the superficial layer of 

articular cartilage [25, 47, 48]. The rate of synthesis of these lubricating molecules, 

and the structure of the molecules synthesized, is important because the balance 

between the rate of synthesis and the rate of loss of these molecules, by degradation 

and transport through the semi-permeable synovium, dictate their concentration in SF 

[10, 36].   

In naturally occurring or animal models of osteoarthritis, rheumatoid arthritis, 

and injury, the concentration of HA and PRG4 in SF are often decreased, as is the 

molecular weight (MW) of HA [5-8, 13, 16]. However, the volume of SF is often 

increased proportionately more [5, 24, 46], leading to an overall net increase in total 

lubricant content in SF. These changes in lubricant content and volume in SF are often 

accompanied by increases in the concentrations of certain cytokines in SF. However, 

the relationship between altered cytokine concentrations and altered lubricant content 

remain to be established. 
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Experimental biomimetic culture systems have been developed to examine the 

biology and mechanobiology of synovium and its interaction with articular cartilage. 

For example, a three-dimensional synovial-like tissue has been generated in vitro to 

study the function and behavior of synoviocytes in organizing the synovial tissue [32]. 

Chondrocyte and synoviocyte co-culture systems have been utilized to assess the 

interactive modulation of cartilage matrix metabolism [41, 43]. Mechanical regulation 

of articular cartilage with attached subchondral bone has been examined not only for 

osteochondral fragments [54, 55], but also for knee joints utilizing a joint-scale 

bioreactor [42]. Although these types of culture systems include certain biomimetic 

features of the synovial joint, the presence of a lubricating fluid similar to that of 

native SF has not yet been incorporated. An appropriate lubricating environment may 

be particularly important for a mechano-biological bioreactor system where 

cartilaginous surfaces articulate and undergo joint-like motion [17, 18, 42]. The 

secretion rates of lubricants and structure of the secreted lubricants would be key 

parameters affecting the lubricant composition of fluid in such a system (Figure 3.1). 

The ability to generate a lubricating fluid could also have application to arthritis 

therapies, such as novel viscosupplements. 

A number of cytokines are candidates for the regulation of lubricant secretion 

by synoviocytes and chondrocytes. Native SF contains a complex milieu of cytokines, 

and the cytokines IL-1β, IL-17, IL-32, TGF-β1, and TNF-α play an important role in 

joint homeostasis and disease pathogenesis. These cytokines are often present at 

elevated levels in disease and injury, are involved in synoviocyte activation, and 

demonstrate certain synergistic interactions [2, 3, 9, 19, 27, 28, 30, 33, 37, 56]. The 

individual effects of some of these cytokines on lubricant secretion have been studied, 

but interactive effects that likely occur in vivo remain to be established. IL-1β, TGF-
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β1, and TNF-α induce increased HA secretion rates by synoviocytes [11, 21, 45]. IL-

1β has also been reported to induce secretion of HA of higher molecular weight (MW) 

compared to basal controls [21, 29]. Individually applied TGF-β1 stimulates PRG4 

secretion by synoviocytes, while IL-1β inhibits secretion, although quantitative rates 

have not been reported [26, 40]. A combinatorial approach to evaluate the interactive 

effects of cytokines could provide a better understanding of cytokine-regulated 

lubricant secretion.  

The objective of this study was to determine the secretion rates of HA and 

PRG4 by human synoviocytes, as well as the MW of these secreted molecules, as 

regulated by the cytokines IL-1β, IL-17, IL-32, TGF-β1, and TNF-α applied 

individually and in combination. 
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Figure 3.1: Synovial joints may be modeled theoretically with a compartmental 
approach, and experimentally in a bioreactor with key components that include 
lubricant-secreting cell types, a SF compartment, and a lubricant-retaining semi-
permeable membrane. Chemical and mechanical stimuli are key parameters that may 
regulate lubricant secretion and structure, and affect lubricant composition in native 
and bioengineered SF. 
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3.3 Materials and Methods 

Synoviocyte and Synovial Fluid Isolation 

Human synovial tissue and SF samples were collected with IRB approval and 

informed donor consent. All studies were approved by the University of California, 

San Diego Human Subjects Research Protection Program.   

Synovial tissue was obtained from patients with osteoarthritis (OA) and 

rheumatoid arthritis (RA) at the time of joint replacement with patient consent, as 

described previously [3]. The diagnosis of RA conformed to the 1987 revised 

American College of Rheumatology criteria [4]. Synovial tissues were minced and 

incubated with 1 mg/ml collagenase in serum free DMEM with additives (100 U/ml 

penicillin, 100 µg/ml streptomycin, 0.25 µg/ml Fungizone, 0.1 mM MEM non-

essential amino acids, 10 mM HEPES, 0.4 mM L-proline, 2 mM L-glutamine) for 2 hr 

at 37ºC, filtered through a nylon mesh, extensively washed, and cultured in DMEM 

supplemented with 10% fetal bovine serum. After overnight culture, nonadherent cells 

were removed. Adherent cells were later trypsinized, split at a 1:3 ratio, and cultured 

in DMEM+10% FBS. Synoviocytes were used from passages 3 through 9 when they 

are a homogeneous population of fibroblast-like synoviocytes (<1% CD11b, <1% 

phagocytic, and <1% FcgRII positive [3]).  

Normal human SF was obtained from the normal knee (as assessed by X-ray) 

of subjects with intra-articular fractures in the contralateral knee, with informed 

consent. Collected SF was clarified of cells and debris by centrifugation (3,000 g, 30 

min, 4ºC), and the resultant samples were stored at –70°C before analysis. 

 

Synoviocyte Culture and Cytokine Treatment 
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For all experiments, synoviocytes were seeded at 10,000 cells/cm2 and 

cultured in DMEM+10% FBS until confluent. Confluent synoviocytes were 

subsequently incubated under basal conditions of DMEM+0.5% FBS for 2 days and 

then with the addition of cytokines individually or in combination for 3 days. All 

subsequent analyses were performed on either cell layers or conditioned media during 

the 3 day cytokine treatment. Donor tissue for each experiment consisted of 6 different 

donors, with 3 OA sources (66 ± 20 yr, 6 donors) and 3 RA sources (60 ± 11 yr, 6 

donors). Cell cultures for each donor and each experimental group were performed in 

duplicate and the cell layers and conditioned media from the 3 day cytokine treatment 

were pooled for analysis from duplicate cultures. As the effects of individual and 

combinations of cytokines did not statistically differ for OA and RA groups in the 

analyses, the data is presented and discussed collectively.  

Individual Cytokine Treatment.  Individual cytokines were applied over a 

range of concentrations to assess dose responses: IL-1β, IL-17, IL-32, TGF-β1 (0.1, 1, 

10 ng/ml), and TNF-α (1, 10, 100 ng/ml).  

Combination Cytokine Treatment. A fully factorial experimental design of 

cytokine combinations (32 groups total) was used to elucidate additive and/or 

synergistic effects of IL-1β, IL-17, IL-32, TGF-β1 (10 ng/ml), and TNF-α (100 

ng/ml). As certain combinations of cytokines at high concentrations, but not low 

concentrations, resulted in synergistic regulation of lubricant secretion in preliminary 

experiments, all experiments in this study were carried out using high cytokine 

concentrations.  

 

DNA Content 
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Net cell proliferation was assessed as the ratio of day 3 DNA to day 0 DNA. 

Cell layers were solubilized on days 0 and 3 with 0.5 mg/ml proteinase K (Roche, 

Indianapolis, IN), harvested, and analyzed for DNA using PicoGreen® [38] (Molecular 

Probes, Eugene, OR). 

 

Lubricant Secretion Rates 

Secretion of HA and PRG4 was assessed after the 3 day cytokine treatment by 

analyzing conditioned medium for PRG4 by ELISA using mAb GW4.23 (gift from 

Dr. Klaus Kuettner [53]), and for HA by an enzyme-linked binding assay using HA 

binding protein [1].  Secretion rates (rHA, rPRG4) were determined by normalizing total 

mass of secreted lubricant to cell number on day 3 as estimated from DNA, and to 

culture duration.  

 

Molecular Weight Distribution of Secreted HA  

The molecular weight (MW) distribution of HA secreted by synoviocytes was 

performed using an agarose gel electrophoresis technique [34], with several 

modifications. Conditioned media samples (pooled from 6 donors for each cytokine 

condition, and from individual donors for selected conditions), normal human synovial 

fluid (SF) and HA standards in the MW range 0.16-4.0 MDa (Associates of Cape Cod 

Inc., East Falmouth, MA) were treated with ± Streptomyces hyaluronidase (10 U/ml) 

(Seikagaku Corp., Tokyo, Japan) overnight at 37C and then subsequently with + 

proteinase K (0.5 mg/ml) overnight at 37ºC. Samples with HA mass of 200-500 ng 

were applied to 1% agarose gels (Lonza, Rockland, ME), separated by horizontal 

electrophoresis at 100V for 110 minutes in TAE buffer (0.4 M Tris-acetate, 0.01 M 

EDTA, pH 8.3), and visualized after incubation with 0.1% Stainsall reagent (Sigma, 
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St. Louis, MO). Gel images were digitized with a D80 digital camera (Nikon, 

Melville, NY) and also processed to determine HA distribution by subtracting the 

intensities of hyaluronidase-treated samples from that of non-hyaluronidase-treated 

samples, and then displaying on a relative scale (0 to 1) to show relative HA content 

between 0.1 and 7.0 MDa. Also, the distribution of HA within the MW ranges of 0.1 - 

1 MDa, 1 - 3 MDa, and >3 MDa were calculated.  

 

Structure of PRG4 

The structure of PRG4 secreted by synoviocytes was determined for samples 

showing upregulation by Western blot. Conditioned media was concentrated with a 30 

kDa MWCO centrifugal filtration device (Millipore, Billerica, MA), and then these 

samples (0.15 μg PRG4 equivalent) and also normal human SF (0.5 μl) were treated 

with 10 U/ml Streptomyces hyaluronidase (Seikagaku Corp., Tokyo, Japan) overnight 

at 37ºC. Samples were then applied to precast 3-8% acrylamide Tris-acetate gels, and 

separated by electrophoresis at 150V for 1 hr in Tris-acetate SDS running buffer (50 

mM Tricine, 50 mM Tris base, 0.1% SDS, pH 8.24), blotted onto PVDF membranes 

(Amersham, Piscataway, NJ) at 30V for 1 hr in transfer buffer (25 mM Bicine, 25 mM 

Bis-Tris, 1 mM EDTA, pH 7.20). The membranes were then blocked for 1 hr in 5% 

normal goat serum in PBS + 0.1% Tween 20 (pH 7.4), reacted with mAb GW4.23 to 

PRG4 (or non-specific mouse IgG as a control (Pierce, Rockford, IL)) at 0.5 µg/ml in 

1% BSA in PBS + 0.1% Tween 20 for 1 hr, and then a goat anti-mouse secondary 

antibody conjugated to horse radish peroxidase. Immunoreactivity was detected by 

ECL-Plus chemiluminescence (Amersham Biosciences, Piscataway, NJ), recorded 

with a Storm Imager (GMI, Ramsey, Minnesota). 
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Statistical Analysis 

Data are expressed as mean ± SEM. Data were log transformed to improve 

normality. For individual cytokines, effects on DNA and secretion rates were analyzed 

by 1-way ANOVA and Dunnett’s post-hoc test to assess differences from controls. 

For combinations of cytokines, a 5-way ANOVA (factors: IL-1β, IL-17, IL-32, TGF-

β1, and TNF-α) was used to assess interactive (i.e., non-additive) effects of cytokines 

on DNA and secretion rates. For analysis of HA MW, effects of cytokines were 

analyzed by 1-way ANOVA and Tukey post-hoc test to assess differences among 

samples in the percentage of total HA present in the MW ranges of <1 MDa, 1-3 MDa, 

and >3 MDa.  

 

3.4 Results 

DNA Analysis 

Overall cell proliferation was low during the 3 day cytokine treatment. 

Relative proliferation was (~1-1.5-fold), consistent with the high cell density of 

monolayers on the initial day of cytokine treatment and the short culture duration. 

There was a slight stimulatory effect (~+30%) of TGF-β1, IL-1β, and TNF-α (p<0.05) 

(Figure 3.2A, 3.3A).  
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Figure 3.2: Regulatory effects of the individual cytokines IL-1β, IL-17, IL-32, TGF-
β1, and TNF-α at a range of concentrations on (A) Proliferation, (B) HA secretion, 
and (C) PRG4 secretion by human synoviocytes. 
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Lubricant Secretion Rates 

rHA and rPRG4 were differentially regulated by individually applied cytokines 

(Figure 3.2B,C). The rHA
 of control cultures was increased ~22x by IL-1β (p<0.05). 

Less stimulatory to rHA
 were TNF-α and TGF-β1, causing increases to ~4.2x and 

~2.8x, respectively (each, p<0.05) (Figure 3.2B). In contrast, rPRG4 was affected only 

by TGF-β1, increased to ~78x over the control rate (p<0.05) (Figure 3.2C). rHA
 and 

rPRG4 were not significantly affected by the addition of IL-17 or IL-32 individually.  

Synergistic interactions of certain combinations of cytokines increased rHA 

markedly over the additive effects of individual cytokines (Figure 3.3B). TNF-α acted 

synergistically with multiple cytokines, including IL-1β, IL-17, and TGF-β1, 

increasing rHA to ~1.3x, ~6.3x, and ~2.3x over the predicted additive effects of these 

cytokines, respectively (each, p<0.05). IL-1β also acted synergistically with IL-17 and 

TGF-β1, increasing rHA
 ~1.2x and ~2.1x over the predicted additive effects (each, 

p<0.05). rHA was not significantly affected by the addition of IL-32 to any other 

cytokine, including these synergistic combinations. 

Counterbalancing effects with certain combinations of cytokines were apparent 

for regulation of PRG4 secretion (Figure 3.3C). The stimulatory effect of individually 

applied TGF-β1 was counterbalanced by the addition of either IL-1β or TNF-α, 

decreasing rPRG4 to ~0.6x or ~0.8x, respectively (p<0.05). When applied together with 

TGF-β1, IL-1β and TNF-α further decreased rPRG4 ~0.3x.  rPRG4 was unchanged by the 

addition of IL-17 or IL-32 to any condition.  
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Figure 3.3: Regulatory effects of different combinations of the cytokines IL-1β, IL-
17, IL-32, TGF-β1, and TNF-α on (A) Proliferation, (B) HA secretion, and (C) PRG4 
secretion by human synoviocytes. 
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Effect of Cytokines on Lubricant Structure 

The MW distribution of secreted HA was markedly regulated by individual 

and combinations of cytokines, and resembled that of normal human SF in some cases. 

For all samples, hyaluronidase treatment eliminated detection of signal in agarose 

gels, confirming that the protease-digested samples were stained specifically for HA 

(Figure 3.4A). The percentage of total HA present in the MW ranges of >3 MDa, 1-3 

MDa, and <1 MDa for all cytokine conditions using samples pooled from multiple 

donors revealed an overall regulation by the cytokines IL-1β, TGF-β1, and TNF-α, 

applied individually and in combination (Figure 3.5) Selected regulatory conditions 

that were further analyzed from individual donors (Figure 3.4B) showed that for 

control and TGF-β1 conditions, the MW of HA was primarily in the <1 MDa range 

(~93% for ctrl and ~96% for TGF-β1). For individually-applied IL-1β, the MW profile 

of HA was more diffuse, with a larger percentage of HA in the 1-3 MDa range (~30% 

for IL-1β vs. ~5% for control and ~3% for TGF-β1, p<0.05) and also >3 MDa range 

(~11% for IL-1β vs. ~2% for control and ~1% for TGF-β1, p<0.05), although the 

majority of HA was still present at <1 MDa. The effect of TGF-β1 in combination 

with IL-1β shifted the MW distribution of HA to a higher percentage in the >3 MDa 

range (~34% vs. ~11% for IL-1β, p<0.05). The effect of TNF-α in combination with 

TGF-β1 and IL-1β did not significantly alter the MW distribution from that of TGF-

β1+IL-1β, but showed a trend of increasing percentage of HA in the >3 MDa range 

(~49% vs. ~34% for TGF-β1+IL-1β). This latter combination of cytokines generated a 

MW profile that most closely resembled that of normal human SF (~70% in the >3 

MDa range). 
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Figure 3.4: (A) Visualization of HA in conditioned media samples from selected 
regulatory cytokine treatments in the MW range of 0.1-7.0 MDa, an using agarose gel 
electrophoresis technique. (B) Percentage of total HA in the MW ranges of >3 MDa, 
1-3 MDa, and < 1 MDa, averaged from relative intensities of samples in (A), mean 
±SEM, n=2-4; *p<0.05 vs. both control & TGF-β1, and #p<0.05 vs. IL-1β.      
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Figure 3.5: (A) Relative HA intensity profiles in the MW range of 0.1-7.0 MDa for all 
conditioned media samples (pooled from n=6) and normal human SF. (B) Percentage 
of total HA in the MW ranges of >3 MDa, 1-3 MDa, and < 1 MDa, calculated from 
relative intensities of samples in (A).    
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Figure 3.6: (A) Visualization of PRG4 from conditioned media with selected 
individual and combination cytokine treatments and also human SF, using techniques 
of gel electrophoresis, Western-blotting, and chemiluminescent detection.    
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The secreted PRG4 had a high MW structure that was not differentially 

regulated by any combination of cytokines analyzed, and also appeared similar to that 

present in normal human SF (Figure 3.6).  

 

3.5 Discussion 

This study examined the regulatory effects of selected cytokines, individually 

and in combination, on synoviocyte secretion of HA and PRG4, the primary boundary 

lubricant molecules of SF. Both the secretion rates and size of these lubricants were 

analyzed. Individually, IL-1β, and to a lesser extent TNF-α, increased HA secretion 

rates, although these same cytokines did not alter PRG4 secretion rates from basal 

levels (Figure 3.2B,C). With an effect similar to that of IL-1β and that of TNF-α, 

TGF-β1 induced a slight increase in HA secretion rate; however with an effect in 

contrast to that of IL-1β and of TNF-α, TGF-β1 markedly increased PRG4 secretion 

rate (Figure 3.2B,C). The combination of IL-1β and TGF-β1 synergistically increased 

HA secretion rates, up to two orders of magnitude higher than basal rates (Figure 

3.3B); however, this cytokine combination decreased PRG4 secretion rates compared 

to individual TGF-β1 treatment (Figure 3.3C). The combination of TNF-α and IL-17 

also synergistically increased HA secretion rates, but had no effect on PRG4 secretion 

rates. The HA MW distribution with the combination of IL-1β and TGF-β1 ± TNF-α 

approached that of normal SF where the majority of HA was present in the >1 MDa 

range and concentrated at >3 MDa; in contrast, the majority of HA in conditions with 

individual cytokines was present in the <1 MDa range (Figure 3.4, 3.5). Under all 

culture conditions examined, the PRG4 was detected at a high MW form similar to 

that present in normal human SF (Figure 3.6). The results of this study provide 
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information on cytokine regulation of lubricant secretion rates and structure that can 

be used to modulate lubricant secretion rates in synovial joint bioreactors and that may 

contribute to altered SF lubricant composition in disease and injury.  

The interpretation of the data from the present study could apply to 

synoviocytes isolated from a normal joint, although the synoviocytes utilized in the 

present study were isolated from synovium of patients undergoing joint replacement 

due to either osteoarthritis or rheumatoid arthritis. Cells from both tissue sources were 

regulated in a similar manner by cytokines, suggesting that the responses delineated 

here are those typical of fibroblast-like synoviocytes. The consistent responses would 

be expected for the standardized in vitro microenvironment, where the cells have been 

passaged to allowed study of fibroblast-like synoviocytes without macrophage-like 

synoviocytes. 

The effects of individually applied cytokines were consistent with and 

extended previous studies on the regulation of synoviocyte HA and PRG4 secretion. 

The observed stimulatory effects on HA secretion of individually applied IL-1β, TGF-

β1, and TNF-α, and the synergistic effects of IL-1β and TGF-β1 have been previously 

demonstrated [11, 21, 45]. Similarly, the observed stimulatory effects of TGF-β1 on 

PRG4 secretion, and the counterbalancing effects of IL-1β and TNF-α are consistent 

with the reported individual effects of these cytokines [26, 31, 40]. The demonstrated 

effect of IL-1β to induce secreted HA to be distributed at higher MWs over basal 

controls also confirms previous reports, as does the observed high MW structure of 

PRG4 secreted with TGF-β1 stimulation. 

In addition, the current study provides new information on the synergistic 

interaction between TNF-α and multiple cytokines on HA secretion. While 

synoviocyte synthesis of certain molecules, including IL-6, IL-8, and GM-CSF, is 
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synergistically stimulated by interaction of TNF-α with other cytokines [2, 19, 28], 

the present studies are the first report of such interactive regulation of lubricant 

secretion. The interaction of IL-17 with TNF-α suggests that T cells secreting IL-17 

could play a role in the regulation of SF lubricant composition by their paracrine 

regulation of fibroblast-like synoviocytes. The synergistic effect of TNF-α with not 

only IL-17, but also IL-1β and TGF-β1 also suggests that therapies targeting TNF-α 

might have more potent effects than those expected based on the individual effects of 

TNF-α. Cytokine inhibitors of TNF-α and IL-1β are currently in clinical use for 

rheumatoid arthritis, and although both cytokines are heavily implicated as key 

mediators of inflammation in this disease, TNF-α therapies have demonstrated higher 

success [12, 14]. This might be due, in part, to the potent interaction of TNF-α with a 

number of cytokines present in the synovial joint milieu.  

These synergistic effects of cytokines on HA secretion would likely lead to an 

increase in the total HA content in both native SF and the fluid in synovial joint 

bioreactors, with effects on concentration that are dependent on fluid volume.  The 

volume of SF in normal knee joints is ~1-2 ml, but increased ~10-25 fold in inflamed 

or diseased joints [5, 24, 46]; in the latter case, HA concentration is decreased, but 

only to 30-50% of normal levels [5-8]. Thus, the total mass of HA in SF (volume 

multiplied by concentration) could be substantially greater in inflamed or diseased 

joints, and could be a result of upregulation of synoviocyte secretion, mediated by 

certain cytokines. The ability of cytokines acting individually or synergistically to 

regulate HA secretion rates by orders of magnitude could be particularly useful in 

synovial joint bioreactors to modulate the lubricity of the fluid component [42].  

The observed cytokine regulation of the size of HA in the medium may 

involve a combination of synthesis, stabilization, or degradation processes. The 
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cytokines IL-1β, TNF-α, and IL-17 stimulate secretion of the HA-binding protein 

TSG-6 [30] that stabilize HA and prevent its depolymerization in SF [22]. Such 

stabilization could have occurred in this study to prevent the degradation of high MW 

HA. The cytokine conditions that most closely resembled normal human SF in HA 

MW distribution were generally ones in which IL-1β and TNF-α were present in 

combination, and thus may have had a greater concentration of HA-binding proteins. 

In contrast to this protective effect, IL-1β also induces secretion of the NP-20 

hyaluronidase enzyme by synoviocytes [15], and could thereby regulate HA 

degradation. The net effect of a combination of cytokines on the size of HA is thus 

likely to be dependent on a variety of metabolic processes.  

The size distribution of HA in SF is dependent upon not only synthesis and 

degradation processes, but also on HA retention. As transport of HA out of SF occurs 

through the voids of the synovium extracellular matrix [10, 35], alterations in the 

tissue structure or in the MW of secreted HA might affect the rate that HA permeates 

the tissue and is lost from SF. The effect of cytokine-regulated alterations in the size 

distribution of HA may be magnified by the size-dependent retention properties of the 

synovium, with the low MW forms of HA being lost quickly from SF and the high 

MW forms being selectively retained.  

There are a number of mechanisms by which cytokines could have regulated 

the HA and PRG4 secretion as observed in this study. Marked increases in the mRNA 

expression of a specific HA synthase (HAS) enzyme, HAS1 (rather than HAS2 or 

HAS3), occurs in response to IL-1β, TGF-β1, or TNF-α, applied individually [51]. 

Small molecule inhibition of the MAP kinase molecules p38 and MEK inhibit TGF-

β1-induced HAS1 mRNA [51], while COX inhibitors and the overexpression of NF-

κB-associated molecules block the effects of IL-1β [50, 52]. The HAS enzymes might 
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also underlie the regulation of the size of HA, as HAS3-transfected fibroblasts 

synthesized HA of lower MW than HAS2 and HAS1 transfected cells [23]. Other 

potential mechanisms of cytokine regulation of HA include catabolism mediated by 

HA-degrading hyaluronidases, cellular trafficking of HAS proteins, activation of sugar 

nucleotide HA building blocks, and interactions between HAS enzymes and the 

nascent growing HA chains as they are extruded from the cell [20, 44]. Signaling 

mechanisms behind PRG4 regulation have been studied less extensively than that of 

HA, but have suggested the role of Smad2/3 in mediating TGF-β1 signaling [39]. 

Although these regulatory mechanisms of HA and PRG4 secretion by individual 

cytokines have been identified, it is unknown if regulation by cytokines in 

combination occurs through signaling pathways that are distinct or involve crosstalk.  

The results of this study provide information on cytokine regulation of HA and 

PRG4 secretion rates and structure, and contribute to an understanding of the 

relationship between alterations in SF cytokine and lubricant content that occur in 

injury and disease. The results also provide approaches for using individual cytokines 

to differentially regulate HA and PRG4 secretion rates, and combinations of cytokines 

to modulate secretion rates and HA MW over a range of magnitudes. Application of 

this knowledge may allow achievement of desired lubricant composition of fluid 

generated in synovial joint bioreactors, which may be critical for providing an 

appropriate lubricating environment to cartilage surfaces articulating and undergoing 

joint-like motion.  The ability to generate a fluid with modulated lubricant 

composition could also facilitate development of arthritis therapies, such as 

viscosupplements or molecules that regulate lubricant secretion.  
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CHAPTER 4: 

SEMI-PERMEABLE MEMBRANE RETENTION OF 

SYNOVIAL FLUID LUBRICANTS,                         

HYALURONAN AND PROTEOGLYCAN 4,                           

FOR A BIOMIMETIC BIOREACTOR 

4.1 Abstract 

Introduction: SF lubricants hyaluronan (HA) and proteoglycan 4 (PRG4) are 

secreted by synoviocytes lining the joint and chondrocytes in cartilage, and 

concentrated in SF due to the retaining property of the semi-permeable synovium. A 

bioreactor system with a membrane component that recapitulates the synovium 

function may be useful in generating a bioengineered fluid (BF) similar to that of 

native SF. The objectives were to assess (1) HA and PRG4 secretion rates by cultured 

synoviocytes on expanded polytetrafluoroethylene (ePTFE) membranes of pore sizes 

50 nm, 90 nm, 170 nm, and 3 μm, and (2) the extent of HA and PRG4 retention by 

these membranes. 

Methods: Experiment 1: Synoviocytes were cultured on tissue culture (TC) 

plastic or ePTFE membranes ± a cytokine combination that stimulates lubricant 

synthesis: IL-1β+TGF-β1+TNF-α. HA and PRG4 secretion rates were assessed by 
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ELISA analysis of medium. Experiment 2: Bioreactors were fabricated to provide a 

BF compartment enclosed by membranes ± adherent synoviocytes, and an external 

compartment of nutrient fluid (NF). A solution of HA (1 mg/ml, MW ranging from 30 

kDa-4000 kDa) or PRG4 (50 μg/ml) was added to the BF compartment, and HA loss 

into the NF compartment after 2, 8, and 24 hr was determined. Analysis of lubricant 

loss kinetics was used to quantify membrane permeability. 

Results: Experiment 1: Cytokine-regulated HA and PRG4 secretion rates on 

ePTFE membranes were comparable to those on TC plastic. Experiment 2: HA and 

PRG4 transport across membranes was dependent upon pore size, and HA transport 

was further dependent upon the presence of adherent cells and HA MW. ~92% of 30 

kDa HA was lost with all membranes, while 450 kDa HA was lost to a greater extent 

with 90 nm, 170 nm, and 3 μm membranes than with 50 nm membranes (37-74%, vs. 

12%). 4000 kDa HA was lost to a greater extent with 3 μm membranes than all others 

(56% vs. 3-23%). PRG4 loss was 3% for 50 nm membranes and 93% for 3 μm 

membranes. The associated HA permeability ranged from ~3 x 10-8 cm/s to ~449 x  

10-8 cm/s, and PRG4 permeability ranged from ~4 x 10-8 cm/s to ~325 x 10-8 cm/s. 

Conclusions: These results suggest that semi-permeable membranes with an 

adherent synoviocyte layer may be applied to a bioreactor system for bioengineering 

SF, both as a source of lubricants and as a method to modulate lubricant retention. 
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4.2 Introduction 

The synovial joint is a low-friction, low-wear load-bearing system that 

includes articular cartilage, synovial fluid (SF), and synovium components. Articular 

cartilage is composed of chondrocytes within a dense extracellular matrix, and bears 

load and slides relative to an apposing surface with low-friction and low-wear 

properties. The SF acts biomechanically as a lubricant for articular cartilage, while 

containing a complex milieu of lubricating molecules, regulatory cytokines, and other 

factors. The synovium is the thin, flexible lining of the joint composed of 

synoviocytes, extracellular matrix components, and capillaries. A key function of the 

synovium is to serve as a semi-permeable membrane, allowing exchange of smaller 

solutes from SF into the underlying subsynovium but offering outflow resistance to 

retain larger solutes, such as lubricant molecules, in SF.  

Lubricating molecules in SF include hyaluronan (HA) and proteoglycan 4 

(PRG4). HA is a glycosaminoglycan polymer, comprised of the repeating disaccharide 

unit of D-glucuronic acid and D-N-acetylglucosamine that is secreted by fibroblast-

like synoviocytes in synovium [61]. PRG4 (also called lubricin or superficial zone 

protein) is a mucinous glycoprotein with O-linked β-(1-3)-Gal-GalNAc 

oligosaccharides [65] encoded by the PRG4 gene [23] and secreted by both 

chondrocytes in the superficial layer of cartilage and synoviocytes. HA is present in 

normal SF at a concentration of ~1-4 mg/ml, while PRG4 is present at ~0.05-0.5 

mg/ml [6, 7, 16, 36, 53]. HA in normal SF is primarily present at a high molecular 

weight (MW), with ~70% of total HA ≥4000 kDa and the remaining ~30% distributed 

at lower MWs in the range of <4000 kDa to ~100-200 kDa [32]. The MW of PRG4 is 

most commonly reported at ~200-300 kDa [63, 64]. The effective radius, or radius of 
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gyration, for high MW HA has been estimated at ~100-200 nm [14, 22], and for PRG4 

may be estimated in a similar manner from its structural properties at ~15-20 nm [17, 

65].  

The native synovium has semi-permeable transport properties explained in part 

by its structure. The synovium is ~50-60 µm thick in humans, and its resident cells 

form a nearly continuous layer with intercellular gaps of ~1-2 μm in width [29, 37]. 

Within the gaps is a network of extracellular matrix components through which 

solutes permeate [46, 47], and the effective pore size is estimated at ~20-90 nm [21, 

48]. Solutes that permeate the synovium enter the underlying subsynovium tissue and 

are cleared by an extensive system of lymphatics [25, 33, 34]. Steady-state HA and 

PRG4 concentrations are maintained in SF of normal joints due, in part, to a balance 

between the rate of lubricant loss by transport through the semi-permeable synovium 

and the rate of lubricant synthesis by chondrocytes and synoviocytes [10]. 

Certain biomimetic features of the synovial joint have been incorporated into 

various experimental systems to examine the biology and mechanobiology of 

synovium and cartilage. For example, to study the function of synoviocytes in 

organizing the synovial tissue, a three-dimensional synovial-like tissue has been 

generated in vitro [28]. Systems of chondrocyte and synoviocyte co-culture have been 

utilized to assess modulation of cartilage matrix metabolism [40, 44]. Mechanical 

regulation of joint tissues has been examined, at the scale of osteochondral fragments 

[66, 68], and also at the whole joint scale utilizing a joint bioreactor system [42]. 

However, an experimental system that recapitulates the function of the synovium to 

generate a lubricant enriched SF-like compartment has not yet been established. An 

appropriate lubricating environment may be particularly important in mechano-

biological bioreactors where cartilaginous surfaces articulate and undergo joint-like 
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motion [19, 20, 42]. Incorporation of a lubricant-retaining membrane into a bioreactor 

system may enable the generation of a SF-like compartment, and the lubricant 

composition of the fluid may be largely determined by the membrane permeability 

(Figure 4.1).  

Membrane-based techniques used in filtration and purification processes for 

separation of biological molecules [12, 52] may be useful for generating a lubricant-

enriched fluid in a bioreactor by mimicking the filtration properties of the synovium. 

Certain membrane materials may be especially useful in this application, including 

expanded polytetrafluoroethylene (ePTFE). ePTFE is an inert material commonly used 

in vascular graft applications that can be engineered to have varying pore size, and 

thus varying solute permeability, and also a controlled structure over large surface 

areas. It is also resistant to degradation, a property that may help to provide consistent 

filtration during extended culture periods in a bioreactor. ePTFE membranes have 

been used in culture systems to assess diffusion of solutes across the material, such as 

heparin [41]; however, the transport of lubricant molecules across ePTFE has not yet 

been examined. Additionally, the ability of ePTFE to serve as a substrate for cell 

growth has been demonstrated [8, 69], with modification of the surface to facilitate 

cell attachment; however, the culture of a lubricant-secreting cell type on ePTFE has 

not yet been performed. Incorporation of ePTFE membranes in a bioreactor system 

may allow retention of lubricant molecules in a manner dependent upon membrane 

pore size, while the presence of an adherent layer of lubricant-secreting cells on the 

membranes may further contribute to lubricant retention and serve as a lubricant 

source.  

The objective of this study was to assess (1) the rate of HA and PRG4 

secretion by cultured synoviocytes on poly-l-lysine coated ePTFE membranes of a 
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range of pore sizes (~50 nm, ~90 nm, ~170 nm, and ~3 μm) and (2) the extent of HA 

and PRG4 retention by these membranes as measured by lubricant permeability and % 

of lubricant loss. 

 

4.3 Materials and Methods 

General Methods 

Biomimetic Transport Chambers 

Transport chambers were biomimetically designed, utilizing structural 

properties of the in vivo synovial joint as a model. The design consisted of two 

compartments, denoted as (1) a bioengineered fluid (BF) compartment and (2) a 

nutrient fluid (NF) compartment, separated by a semi-permeable membrane of surface 

area 1 cm2 (Figure 4.1). Fluid volumes in the BF and NF compartments were 0.1 ml 

and 3 ml, respectively. The transport chamber housing was constructed from 

polysulphone material.  

 

Semi-Permeable Membrane Selection 

Poly-l-lysine coated expanded polytetrafluoroethylene (ePTFE) membranes 

were utilized to separate BF and NF compartments in the bioreactors. As the pore size 

of the in vivo semi-permeable synovium has been estimated at ~20-90 nm [51, 52], 

membranes of both near-equivalent pore size and of larger pore size were selected to 

obtain a range of experimental responses. The average pore sizes of membranes 

utilized were ~50 nm, ~90 nm, ~170 nm, and ~3 μm. 
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Figure 4.1: (A) SF lubricant retention by the synovium in the in vivo synovial joint 
can be (B) biomimetically modeled in a bioreactor where a synovial fluid 
compartment containing lubricants is separated from a nutrient fluid compartment 
void of lubricants by a semi-permeable membrane ± adhered synoviocytes. 
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Synoviocyte Isolation 

Human synovial tissue was collected with IRB approval and informed donor 

consent, and studies were approved by the University of California, San Diego Human 

Subjects Research Protection Program. The synovial tissue was obtained from patients 

with osteoarthritis (OA) and rheumatoid arthritis (RA) at the time of joint 

replacement, as described previously [3]. The diagnosis of RA conformed to the 1987 

revised American College of Rheumatology criteria [4]. Synovial tissues were minced 

and incubated with 1 mg/ml collagenase in serum free DMEM with additives (100 

U/ml penicillin, 100 µg/ml streptomycin, 0.25 µg/ml Fungizone, 0.1 mM MEM non-

essential amino acids, 10 mM HEPES, 0.4 mM L-proline, 2 mM L-glutamine) for 2 hr 

at 37ºC, filtered through a nylon mesh, extensively washed, and cultured in DMEM 

supplemented with 10% fetal bovine serum. After overnight culture, nonadherent cells 

were removed. Adherent cells were later trypsinized, split at a 1:3 ratio, and cultured 

in DMEM+10% FBS. Synoviocytes were used from passages 3 through 9 when they 

are a homogeneous population of fibroblast-like synoviocytes (<1% CD11b, <1% 

phagocytic, and <1% FcgRII positive [3]).  

 

Experimental Design 

Synoviocyte Lubricant Secretion on Membranes 

Synoviocytes were applied to ePTFE membranes of pore size 50 nm, 90 nm, 

170 nm, and 3 μm to assess cell proliferation and also lubricant secretion rates, in 

comparison to those on tissue culture (TC) plastic. Synoviocytes were cultured within 

the BF compartment of bioreactors in DMEM+10% FBS for 6d. Confluent cell layers 

were then cultured in DMEM + 0.5% FBS for 2 days and then with the addition of a 
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cytokine combination that stimulates HA and PRG4 synthesis: IL-1β (10 ng/ml), 

TGF-β1 (10 ng/ml), and TNF-α (100 ng/ml) (abbreviated as ITT) [11]. 

Lubricant secretion was assessed after the 3 day ITT cytokine treatment by 

analyzing conditioned medium for HA by an enzyme-linked binding assay using HA 

binding protein [1], and for human PRG4 by ELISA using mAb GW4.23 (gift from 

Dr. Klaus Kuettner [63]). Secretion rates were determined by normalizing total mass 

of secreted lubricant to culture duration and cell number on day 3. Cell numbers were 

determined by solubilizing cell layers with 0.5 mg/ml proteinase K (Roche, 

Indianapolis, IN) and analyzing the solution for DNA using PicoGreen® [38] 

(Molecular Probes, Eugene, OR). 

 

Lubricant Flux Across Membranes in Transport Chambers 

 Synoviocytes were cultured on ePTFE membranes of pore size 50 nm, 90 nm, 

170 nm, and 3 μm within the BF compartment of bioreactors in DMEM+10% FBS for 

6d, and subsequently in DMEM + 0.5% FBS for 2 days. Bioreactors were also 

assembled utilizing ePTFE membranes with no adherent cells. A prepared HA or 

PRG4 lubricant solution was then added to the BF compartment of all bioreactors, and 

DMEM was added in the NF compartment. Bioreactors were incubated at 37ºC and 

5% CO2 with gentle mixing for durations of 2, 8, and 24 hr. At the 2 hr and 8 hr 

timepoints, NF was collected from the bioreactors and replenished with fresh DMEM. 

After the 24 hr timepoint, both the NF and BF were collected. 

A 1 mg/ml solution of HA was prepared with a molecular weight (MW) 

distribution similar to that of normal SF where ~70% of HA is present at high MWs of 

~4000 kDa and ~30% is distributed at lower MWs [32]. The solution consisted of a 

combination of the following MWs and concentrations of HA, all reconstituted in 
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DMEM: 4000 kDa (0.7 mg/ml) and 2400 kDa, 1156 kDa, 450 kDa, 262 kDa, 160 

kDa, and 30 kDa (each at 0.05 mg/ml) (Associates of Cape Code, East Falmouth, 

MA). 

A 50 μg/ml solution of PRG4 was prepared from bovine cartilage explant 

conditioned media from a 12 day culture under media conditions of DMEM + 0.01% 

BSA + 10 ng/ml TGF-β1 + 25 μg/ml to stimulate PRG4 secretion by chondrocytes 

[54]. Conditioned media was ultrafiltrated with a 100 kDa MWCO centrifugal 

filtration device, (Millipore, Billerica, MA), and treated with Streptomyces 

hyaluronidase (1 U/ml) (Seikagaku Corp., Tokyo, Japan) overnight at 37ºC to remove 

any HA present. The digested ultrafiltrate was subsequently subjected to a second 

round of ultrafiltration with a 100 kDa MWCO centrifugal filtration device to remove 

the Streptomyces hyaluronidase enzyme. PRG4 concentration in this final preparation 

was assessed by ELISA (described below), and reconstituted in DMEM to a 

concentration of 50 μg/ml, a value within physiologically observed range [53].  

To assess transport of the mixture of HA MWs and also PRG4, lubricant loss 

from BF into NF was determined by analyzing collected BF and NF solutions from 

each time point for HA by an enzyme-linked binding assay using HA binding protein 

[1] and for bovine PRG4 by ELISA using mAb 3-A-4 (gift from Dr. Bruce Caterson 

[56]). The percentage of total lubricant loss at 2, 8, and 24 hr timepoints for each 

condition was calculated by dividing the lubricant mass collected at the respective 

time point by the total sum of lubricant mass collected from all time points. Data is 

presented as cumulative lubricant loss at each time point, as determined by addition of 

lubricant loss from earlier time points. 

To assess HA transport as a function of MW, lubricant loss from BF into NF 

was determined for each MW of HA, i.e. 4000 kDa, 2400 kDa, 1156 kDa, 450 kDa, 
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262 kDa, 160 kDa, and 30 kDa, utilizing a gel electrophoresis technique [32]. An HA 

mass of 1.5 μg from NF samples collected at 2, 8, and 24 hr and from BF collected at 

24 hr were applied to 1% agarose gels (Lonza, Rockland, ME), separated by 

horizontal electrophoresis at 100V for 110 minutes in TAE buffer (0.4 M Tris-acetate, 

0.01 M EDTA, pH 8.3), and visualized after incubation with 0.1% Stainsall reagent 

(Sigma, St. Louis, MO). Gel images were digitized with a D80 digital camera (Nikon, 

Melville, NY) and then processed to determine the percent contribution of each of the 

7 HA MW species. These percentage values were then multiplied by the total loss of 

HA mass at 2, 8, and 24 hr time points to determine the loss of mass for each MW.  

Finally, the percentage of total HA loss for each MW at 2, 8, and 24 hr was calculated 

by dividing the HA mass collected for each MW at the respective time point by the 

total sum of HA mass collected for each MW over all time points. 

 

Engineering Analysis of Membrane Permeability to Lubricants 

The permeability of the membranes ± adherent cells to the lubricant i, where i 

= HA or PRG4, during lubricant transport studies was estimated as similarly done in 

previous studies assessing solute diffusion across a cell-laden membrane, by obeying 

Fick’s law [2, 26, 41, 50]. The assumption that fluid compartments were well mixed 

with no gradients in lubricant concentration was also applied. The expression for 

lubricant flux is: 

 

  
x
c

AD
dt

dM i
i

i

∂
∂

=  (1) 

where dMi/dt is the mass flux of lubricant across the membrane in units of mass per 

time, A is the surface area of membrane in units of length squared, Di is the diffusivity 
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of the lubricant in units of length squared per time, ci is the concentration of lubricant 

within the membrane, and x is the position within the membrane.  

The permeability Pi is related to membrane and solute properties by: 
 

  
x

D
P i

i Δ
=  (2) 

which can be combined with Equation (1) to yield: 
 

  ii
i cAP

dt
dM

Δ=  (3) 

Assuming the concentration of lubricant in the NF compartment (ci
NF) is << 

the concentration in the BF compartment (ci
BF), equation (3) can be simplified as 

follows:  
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The rate of loss in Mi is balanced by the rate of change in ci
BF within the 

volume (VBF) and can also be expressed as:  
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Combining equations (5) and (6) results in the following first order differential 

equation: 
 

  BF
ii
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dt
dc

V =⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−  (7) 

which can be rearranged to: 
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and the form of the solution to this equation is: 
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where Ci,0
BF is a constant.  

The above expression was utilized to estimate the permeability of membranes 

to the various lubricants, i.e. the mixture of HA MWs, HA of individual MWs, and 

PRG4. To do so, the mass of lubricant in BF vs. time (with time points of 0, 2, 8, and 

24 hr) was first fit with an exponential curve to the data points with a fit described by 

an R2 value in the range of ~0.75-0.99. Then, the exponential coefficient (coeff) from 

the equation of fit, along with values for A and VBF, were used to calculate 

permeability as follows: 
 

  
A
coeffVP

BF

i
⋅

=  (10) 
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Statistical Analysis 

Data are expressed as mean ± SEM. For lubricant secretion studies, data were 

log transformed to improve normality, and a 1-way ANOVA was used with Tukey 

post-hoc tests to determine the effect of cytokines.  

For lubricant transport studies assessing % of total lubricant loss, statistical 

analysis was performed on cumulative data from the 24 hr time point. Since 

percentages form binomial rather than normal distributions, arcsine transformation 

was applied to normalize these data [62]. For HA (with mixture of MWs) and PRG4 

transport, a 1-way ANOVA was used to determine the effect of membrane pore size 

on % of total lubricant loss, and a t-test was used for each membrane pore size to 

determine the effect an adhered cell layer.  For % of HA loss as a function of MW, a 

3-way ANOVA was used to determine the individual and interactive effects of 

membrane pore size, HA MW, and an adherent cell layer.  

For permeability analysis, data were log transformed to improve normality. 

Statistical analysis for the mixture of HA MWs and PRG4, and also for each HA MW 

individually was performed as described above for lubricant transport analysis.  

 

4.4 Results 

Synoviocyte Lubricant Secretion on Membranes 

Synoviocytes remained viable on ePTFE and proliferated over 6 days to a 

greater extent on 50 nm and 90 nm membranes than on TC plastic (~3-fold vs. ~2-
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fold; p<0.05, Figure 4.2A). Synoviocyte secretion of HA was stimulated by the ITT 

cytokine combination for all substrates, including TC plastic and ePTFE of all tested 

pore sizes (p<0.05, Figure 4.2B). The average HA secretion rate induced by ITT was 

~150 µg/(106 cell•d), a marked ~60-fold increase over basal controls. Secretion of 

PRG4 by synoviocytes on TC plastic and 50 nm, 90 nm, and 170 nm membranes 

exhibited a similar trend of ITT responsiveness (Figure 4.2C). 

 

Lubricant Flux Across Membranes in Transport Chambers 

The loss of HA across membranes was dependent upon pore size and the 

presence of adherent cells, and also the MW of HA. The average percentage of total 

HA loss (with the mixture of MWs) after 24 hr from BF to NF was ~10% for 50 nm 

membranes, ~21% for 90 nm, 36% for 170 nm, and ~66% for 3 μm membranes 

(Figure 4.3A). The percentage loss from 3 μm membranes was greater than that of all 

other membranes (p<0.05); additionally, the percentage loss from 170 nm membranes 

was greater than that of 50 nm membranes. The presence of adherent cells led to 

decreased HA loss after 24 hr for the small pore size membranes (16% vs. 4% for 50 

nm and 26% vs. 15% for 90 nm, p<0.05).  

The loss of HA across membranes was further dependent upon the MW 

species of HA, and there was a significant interaction with membrane pore size 

(p<0.05) (Figure 4.4). 30 kDa HA had a high percentage loss after 24 hr (~92% avg.) 

that was similar for all pore size membranes (Figure 4.4G). 160 kDa HA was lost to a 

greater extent from 90 nm (60%), 170 nm (70%), and 3 μm (83%) membranes than 

from 50 nm membranes (29%) (p<0.05) (Figure 4.4F). 262 kDa and 450 kDa HA 

similarly had the least percentage loss from 50 nm membranes compared to all others 

(p<0.05), but there was also a greater loss of each from 3 μm (37%, 54%) than from 
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90 nm membranes (13%, 16%) (p<0.05) (Figure 4.4D,E). 1156 kDa, 2400 kDa, and 

4000 kDa HA were all lost into BF to a similar extent by the membranes, with a 

significantly greater percentage loss from 3 μm (61% avg) than 50 nm (5% avg), 90 

nm (12% avg), and 170 nm (29% avg) (p<0.05) (Figure 4.4A,B,C). 1156 kDa and 

2400 kDa HA were also lost to a greater extent from 170 nm membranes than from 50 

nm membranes (p<0.05). In a similar manner to the HA transport analysis with the 

mixture of MWs, the presence of an adherent cell layer significantly decreased the 

percentage of HA loss into BF for both 50 nm and 90 nm pore size membranes 

(p<0.05). 

The loss of PRG4 across membranes was dependent upon pore size, but was 

not affected by the presence of adhered cells. The average percentage of total PRG4 

loss after 24 hr from BF to NF was ~3% for 50 nm membranes, ~28% for 90 nm, 67% 

for 170 nm, and ~93% for 3 μm membranes (Figure 4.3B). The percentage loss from 

each membrane was significantly different than that of all other membranes (p<0.05). 
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Figure 4.2: (A) Effects of substrate on synoviocyte proliferation over a 6 day culture 
period. Effects of substrate and cytokines (IL-1β+TGF-β1+TNF-α) on (B) HA and (C) 
PRG4 secretion rates, n=4. 
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Figure 4.3: (A) HA loss and (B) PRG4 loss from the BF compartment into NF due to 
transport across indicated membranes ± adhered cells as a % of total, n=3-4. 
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Figure 4.4: HA loss, as a function of HA MW, from the BF compartment into NF due 
to transport across indicated membranes ± adhered cells, (A) 4000 kDa, (B) 2400 kDa, 
(C) 1156 kDa, (D) 450 kDa, (E) 262 kDa, (F) 160 kDa, and (G) 30 kDa, n=3-4. 
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Permeability of Membranes to Lubricants 

Reduction of the experimental data according to the engineering analysis 

yielded permeability values for the lubricant molecules (Figure 4.5, 4.6, Table 4.1). 

Representative curves of the mass of lubricant in BF vs. time (0, 2, 8, and 24 hr 

timepoints) were fit with an exponential curve (with R2 value in the range of ~0.75-

0.99) predicted by the engineering analysis to calculate permeability (Figure 4.7). 

The permeability of membranes to HA was dependent upon pore size, the 

presence of adherent cells, and also the MW of HA. The average permeability for HA 

(with the mixture of MWs) was ~12 x 10-8 cm/s for 50 nm membranes, ~27 x 10-8 

cm/s for 90 nm, ~74 x 10-8 cm/s for 170 nm, and ~139 x 10-8 cm/s for 3 μm 

membranes (Figure 4.5A, Table 4.1). The permeability of 3 μm membranes was 

greater than that of all other membranes (p<0.05); additionally, the permeability of 

170 nm membranes was greater than that of 50 nm and 90 nm membranes (p<0.05). 

The presence of an adherent cell layer led to decreased permeability for the small pore 

size membranes (~20 x 10-8 vs. ~5 x 10-8 cm/s for 50 nm, and ~35 x 10-8 vs. ~19 x 10-8 

cm/s for 90 nm, p<0.05).  

The permeability of membranes to HA was further dependent upon the MW 

species of HA, and there was a significant interaction with membrane pore size 

(p<0.05) (Figure 4.6, Table 4.1). 30 kDa HA had a high permeability (~373 x 10-8 

cm/s avg.) and was similar for all pore size membranes, in contrast to the permeability 

for all other MWs (Figure 4.6G). For example, the permeability for 160 kDa HA was 

~4-5x lower for 50 nm membranes than for 170 nm and 3 μm membranes (45 x 10-8 

vs. 158 x 10-8 and 231 x 10-8 cm/s, respectively) (p<0.05) (Figure 4.6F). Additionally, 

the permeability for 262 kDa, 450 kDa, and 1156 kDa HA was ~3-15x lower for 50 

nm membranes compared to all other membranes (p<0.05) (Figure 4.6C,D,E). In a 
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similar manner, for HA of 2400 kDa and 4000 kDa, the permeability of 50 nm 

membranes (~5 x 10-8 cm/s avg.) was ~2-30x lower than that of all other membranes, 

and the permeability of 3 μm membranes (~113 x 10-8 cm/s avg.) was ~3-30x higher 

than that of all other membranes (p<0.05) (Figure 4.6A,B). In comparing HA of 

different MWs across the same pore size membrane, the permeability of 450 kDa HA 

was ~40x lower than that of 30 kDa HA for 50 nm membranes, but only ~2.5x lower 

for 3 μm membranes. The permeability of 4000 kDa HA was ~250x lower than that of 

30 kDa HA for 50 nm membranes, but only ~4x lower for 3 μm membranes. In a 

similar manner to the other HA transport analyses, the presence of an adherent cell 

layer significantly affected the permeability of both 50 nm and 90 nm pore size 

membranes (~12x and ~2x lower permeability, respectively, p<0.05). 

The permeability of membranes to PRG4 was dependent upon pore size, but 

was not affected by the presence of adherent cells. The average permeability for PRG4 

was ~4 x 10-8 for 50 nm membranes, ~48 x 10-8 for 90 nm, ~144 x 10-8 for 170 nm, 

and ~336 x 10-8 for 3 μm membranes (Figure 4.5B, Table 4.1). The permeability of 3 

μm membranes was greater than that of all other membranes, and the permeability of 

170 nm membranes was greater than that of 50 nm and 90 nm membranes (p<0.05).  
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Figure 4.5: Permeability of ePTFE membranes ± adhered cells to (A) HA (with 
mixture of MWs) and (B) PRG4, n=3-4. 



127 

 

 

 
 

 

Figure 4.6: Permeability of ePTFE membranes ± adherent cells to HA, as a function 
of HA MW, (A) 4000 kDa, (B) 2400 kDa, (C) 1156 kDa, (D) 450 kDa, (E) 262 kDa, 
(F) 160 kDa, and (G) 30 kDa, n=3-4. 
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Table 4.1: Permeability of membranes ± adherent cells to (A) HA and (B) PRG4, 
calculated from lubricant transport studies. 
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Figure 4.7: Representative curves of the mass of lubricant in BF vs. time (0, 2, 8, and 
24 hr timepoints) fit with exponential curves predicted by engineering analysis 
utilized in permeability calculations: (A) 4000 kDa HA with 50 nm membranes, (B) 
4000 kDa HA with 3 μm membranes, (C) 30 kDa HA with 50 nm membranes, (D) 30 
kDa HA with 3 μm membranes, (E) PRG4 with 50 nm membranes, (F) PRG4 3 μm 
membranes. 
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4.5 Discussion 

 

This study examined HA and PRG4 secretion rates by cultured synoviocytes 

on ePTFE membranes of pore sizes ~50 nm to ~3 μm, and also the extent of HA and 

PRG4 retention by these membranes. Synoviocyte HA and PRG4 secretion rates on 

membranes were comparable to those on tissue-culture plastic and stimulated by 

application of cytokines (Figure 4.2). Transport of HA and PRG4 across membranes 

was dependent upon pore size, with % of total lubricant loss and membrane 

permeability to lubricant being lowest with 50 nm membranes and highest with 3 μm 

membranes (Figure 4.3, 4.5). HA transport was further dependent upon the presence 

of adherent cells and HA MW, with the presence of a cell layer (for 50 nm and 90 nm 

membranes) and higher MWs resulting in decreased loss and permeability (Figure 

4.4, 4.6). ~92% of low MW HA (30 kDa) was lost after 24 hr with membranes of all 

pore sizes, while HA of intermediate MW (450 kDa) was lost to a greater extent with 

90 nm, 170 nm, and 3 μm membranes than with 50 nm membranes (37-74%, vs. 12%) 

(Figure 4.4). HA of high MW (4000 kDa) was lost to a greater extent with 3 μm 

membranes than all others (56% vs. 3-23%). In comparison, the % of total PRG4 loss 

was 3% for 50 nm membranes and 93% for 3 μm membranes (Figure 4.3B). The 

associated HA permeability ranged from ~3 x 10-8 cm/s to ~449 x 10-8 cm/s, and 

PRG4 permeability ranged from ~4 x 10-8 cm/s to ~325 x 10-8 cm/s (Figure 4.5B, 4.6, 

Table 4.1). These results suggest that membranes of various pore sizes may be applied 

to a bioreactor system to modulate the lubricant composition in a bioengineered SF. 

The presence of an adherent layer of synoviocytes on the membranes may not only 

serve to further modulate lubricant retention, but could also serve as a lubricant 

source.  
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Although a large percentage of total lubricants diffused across the membranes 

in certain conditions in this study, the assumption that the lubricant concentration in 

NF was negligible in comparison to BF remained valid due to the large volume of NF 

in relation to BF (30x greater). It should also be noted that endogenous HA and PRG4 

secretion by adherent synoviocytes on the membranes likely had negligible 

contribution to the BF lubricant concentration, as transport studies were performed in 

basal media conditions in which lubricant secretion by synoviocytes is predicted to be 

very low, i.e. ~0.1-1% of exogenously applied mass during the duration of the study. 

The ability to culture synoviocytes on material substrates, rather than on 

standard tissue culture plastic, with maintenance of a desired phenotype is consistent 

with and extends previous studies [28, 39, 43, 67]. Synoviocytes attached to ePTFE 

membranes within hours, proliferated to confluency within ~1 week, and maintained 

secretion of both HA and PRG4 in a cytokine-regulated manner. A thin, flexible 

lubricant-secreting sheet could be incorporated into various types of synovial joint 

bioreactors to enclose cartilage surfaces and form a SF compartment, including 

bioreactor systems of simple geometry and also complex whole joint-scale systems 

where cartilage surfaces are large and contoured in an anatomical configuration. 

The findings in this study showing the importance of MW in HA transport 

provide an in vitro analog to previous work examining in vivo transport of HA across 

the synovium. Studies that infused HA of varying MW into the knee joint cavity of 

rabbits demonstrated that with HA of lower MW (~140 kDa, ~500 kDa) there was less 

retention by the synovium and accumulation in the cavity than with HA of higher MW 

(~2200 kDa) [14, 48]. Similar observations were made with studies on intraarticular 

infusion of fluorescein-labeled HA into the knee joint cavity of dogs, where HA of 
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2300 kDa MW scarcely penetrated the synovial lining, but 840 kDa HA penetrated 

readily [5].  

As PRG4 loss across membranes in this study was affected by pore size in a 

relatively similar manner to that of HA, the transport of PRG4 of varying MW may 

also be differentially transported. The commonly reported MW of PRG4 present in 

normal SF is ~345 kDa, although it has also been shown that PRG4 may exist not only 

in larger multimeric forms [45] but also in smaller MW forms [64]. The relative 

abundance of the different MWs of PRG4 in SF and their contribution to PRG4 

transport remains to be established, but it is likely that increases in the effective MW 

of PRG4 would decrease the relative rate of PRG4 loss from SF. 

The different molecular structures of HA and PRG4 may account for some of 

the differences in transport patterns observed in this study between PRG4 (~350 kDa) 

and HA of a similar MW (450 kDa). The % of total PRG4 loss with 50 nm membranes 

was limited compared to that of 450 kDa HA (3% vs. 12% (avg.)), while the % loss 

with 170 nm and 3 μm pore sizes was greater for PRG4 (67% vs. 50% and 93% vs. 

74% (avg.)).  Comparison of the permeability values calculated in this study between 

PRG4 and 450 kDa HA also reveals similar distinctions. The large mucin-like domain 

present in the PRG4 structure and potential differences in the secondary structures of 

these lubricants could contribute to their distinct transport properties.  

The efflux of solutes from SF in vivo is a function of both diffusion-driven and 

convection-driven solute flux across the synovium, and although many studies have 

assessed the latter [14, 48, 49, 57, 59, 60], some comparisons may still be drawn 

between the permeability parameters obtained in this in vitro study and the available 

literature. Numerical values for synovium permeability to HA or PRG4 remain to be 

measured experimentally, but the reported free diffusion coefficients are 0.98 x 10-7 
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cm2/s and 1.11 x 10-7 cm2/s, respectively [48, 65]. The permeability values obtained 

here for 50 nm pore size membranes, a pore size within the reported range of 

synovium pore size, were on the order of ~1-5 x 10-8 cm/s for PRG4 and HA of 

physiological MW. An estimation of the restricted diffusion coefficient through the 

membrane, calculated using these permeability values and a membrane thickness of 

~0.02 cm, is ~1 x 10-9 cm2/s to 2 x 10-10 cm2/s, a value expectedly orders of magnitude 

lower than the free diffusion coefficients. Reports of synovium permeability to 

albumin, a low MW solute that is transported very readily across the synovium, have 

been published and are expectedly greater than that of HA and PRG4 found here (~6 x 

10-5 cm/s vs. ~1-5 x 10-8 cm/s) [21]. Taken together, some of the permeability values 

reported in this study for HA and PRG4 obtained with ePTFE membranes, particularly 

those of 50 nm pore size, could be within the range of native synovium lubricant 

permeability.  

As in vivo alterations in the synovium structure may occur in disease or injury 

and affect the rate of lubricant loss from SF, a range of membrane pore sizes were 

utilized in this study to potentially parallel various in vivo conditions. For example, 

the observed HA half-life in SF is decreased in arthritic joints compared to normal 

joints (~12 hours vs. ~24 hours) [15, 18, 31, 51], while the concentrations of certain 

SF cytokines that may contribute to degradation of synovium extracellular matrix are 

often increased [9, 27, 30, 35, 70]. Digestion of synovium matrix components 

increases hydraulic permeability of the tissue, with degradation by Streptomyces 

hyaluronidase, chymopapain, and chondroitinase ABC increasing hydraulic 

permeability by ~5x, 4x, and 2x, respectively, over untreated synovium [13, 57, 58]. 

In the present study, the permeability of the larger pore size membranes (90 nm, 170 

nm, 3 μm) to total HA and PRG4 were ~2-12x and ~10-90x greater, respectively, than 
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that of smallest pore size membrane (50 nm). If the 50 nm pore size membrane mimics 

certain transport properties of the normal synovium, then membranes of pore sizes 90 

nm to 3 μm may mimic properties of injured or diseased synovium with varying 

degrees of increased permeability. 

The bioreactor system developed here could be utilized to gain a better 

understanding of whether interactions of lubricant molecules affect their transport 

properties. HA and PRG4 have been reported to synergistically interact in lowering 

friction at cartilage-cartilage interfaces and also latex-glass interfaces by postulated 

mechanisms involving molecular interactions of the lubricant [24, 55]. Such 

interactions in SF could increase the effective MW of HA and PRG4 and limit the rate 

of lubricant transport across the synovium. HA and albumin have also been 

demonstrated to synergistically interact in decreasing fluid flow rates across the 

synovium by proposed molecular associations affecting osmotic pressure or viscosity 

[60]. Physical interactions of lubricants with surrounding joint tissues may also occur, 

including the synovium, and could effectively slow transport. Various biological 

solutions may be applied to the bioreactor system developed here to study the effects 

of these different types of interactions on lubricant transport properties. 

The results of this study demonstrate (1) the ability of human synoviocytes to 

adhere and proliferate on semi-permeable membranes and to be regulated in their 

lubricant secretion rates by applied chemical factors, and (2) the ability of these 

membranes, with or without an adherent cell layer, to retain lubricant molecules in a 

manner dependent upon membrane pore size and lubricant MW. Such membranes 

may be applied to a synovial joint bioreactor system as a method to modulate lubricant 

retention and thus lubricant composition in a bioengineered SF. An adherent layer of 

synoviocytes on the membranes may not only serve to further modulate lubricant 
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retention, but could also serve as a lubricant source. The ability to bioengineer SF with 

modulated lubricant composition may have application in tissue engineering whole 

joints for biological joint replacement, by providing an appropriate lubricating 

environment to articulating cartilage surfaces during applied mechanical stimulation in 

bioreactors. A bioreactor for generating bioengineered SF may also have applications 

in developing lubricant supplements to be delivered to deficient SF, and in identifying 

molecules involved in lubricant regulation.  
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CHAPTER 5: 

BIOMIMETIC BIOENGINEERING OF                     

SYNOVIAL FLUID: A BIOREACTOR FOR              

GENERATING FUNCTIONAL LUBRICANT 

SOLUTIONS 

5.1 Abstract 

Introduction: The synovial fluid (SF) lubricants, hyaluronan (HA) and 

proteoglycan 4 (PRG4), are secreted by synoviocytes lining the joint and chondrocytes 

in cartilage, and concentrated in SF due to the retaining property of the semi-

permeable synovium. We hypothesized that a biomimetic bioreactor, recapitulating 

these biophysical features, is capable of producing a bioengineered fluid (BF) with 

lubricant composition and function similar to that of native SF. The objectives of this 

study were, using such a bioreactor, to (1) assess the lubricant composition and 

friction-reducing function of BF, and (2) compare measured lubricant concentrations 

in BF with those predicted by a model incorporating lubricant transport and mass 

balance principles. 

Methods: Bioreactors were fabricated to provide (1) a BF compartment 

enclosed by 50 nm or 3 μm pore size membranes with adherent synoviocytes and 
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containing bovine articular cartilage explants, and (2) an external compartment of 

nutrient fluid (NF). The bioreactors were maintained for 12d with NF medium being 

changed every 3d and supplemented with IL-1β + TGF-β1 (IT) or IL-1β + TGF-β1 + 

TNF-α (ITT), cytokine mixtures that stimulate lubricant synthesis. Samples were 

analyzed for HA and PRG4 concentration and MW by ELISA, Western blot, and gel 

electrophoresis. Additionally, BF and normal bovine SF were analyzed for friction-

lowering function with a cartilage-on-cartilage friction test. The bioreactor system was 

also modeled to predict transient and steady-state lubricant concentration in BF using 

principles of mass balance and transport, as well as experimentally-determined 

parameters of lubricant secretion rates and membrane permeability. 

Results: HA and PRG4 concentrations were 10x-50,000x higher in BF than in 

NF, and 10x-30x higher with 50 nm membranes than with 3 μm membranes. BF with 

50 nm membranes achieved HA and PRG4 concentrations similar to that of native SF, 

~600 μg/ml and ~400 μg/ml, respectively. The HA MW distributions in BF with both 

pore size membranes and in NF with 3 μm membranes were largely distributed at high 

MWs (~4000 kDa) and resembled that of native SF, while the distribution in NF with 

50 nm membranes was predominantly of low MW (~30 kDa). PRG4 structure in BF 

was of the same high MW for all conditions and equivalent to that of native SF. The 

lubricating function of BF with 50 nm membranes was greater than that with 3 μm 

membranes (μ= ~0.037 vs. ~0.097), and approached that of native SF (μ=0.023). 

Model predictions of lubricant concentrations were similar to those observed 

experimentally, and the predicted kinetics were distinct for the different pore size 

membranes and MW forms of HA. 

Conclusions: This is the first report of a bioreactor system capable of 

generating fluid with lubricant composition and friction-lowering function similar to 
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that of native SF. The ability to bioengineer a lubricious fluid in a biomimetic 

bioreactor system may have applications in tissue engineering of articular cartilage 

using mechanical stimuli, in generating viscosupplements, and in identifying 

lubricant-regulating molecules.  
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5.2 Introduction 

The synovial fluid (SF) of joints contains a number of molecules that mediate 

its lubricating biomechanical function on articular cartilage and other biological 

functions, including lubricants, regulatory cytokines and growth factors, nutrients, and 

waste products. The lubricating molecule hyaluronan (HA) in SF is secreted 

predominantly by fibroblast-like synoviocytes (abbreviated in this paper as 

“synoviocytes”) in synovium [27, 52], while the lubricating molecule proteoglycan 4 

(PRG4) is secreted by synoviocytes as well as chondrocytes in the superficial layer of 

articular cartilage [28, 47, 48].  

In addition to serving as a source of lubricant molecules, the synovium acts as 

a semi-permeable membrane. It allows the exchange of small solutes between SF and 

the underlying subsynovium while also offering outflow resistance to high molecular 

weight macromolecules, such as HA and PRG4 lubricants. The balance between the 

rate of synthesis of lubricants, resulting from secretion by chondrocytes and 

synoviocytes, and loss of lubricants by transport across the semi-permeable synovium 

and/or by degradation in SF, dictate the lubricant composition and, likely, the 

lubricant function of SF [12, 33]. 

Tissue engineering of articular cartilage and synovial joints for the treatment of 

arthritis may benefit from a lubricious fluid recapitulating that of normal SF. An 

appropriate lubricating environment may facilitate maintenance of the low-friction, 

low-wear properties of articulating cartilage surfaces undergoing joint-like motion in 

bioreactors [38]. A bioreactor system that encloses lubricant secreting cell types 

within a lubricant-retaining membrane may have the capability to generate a 

bioengineered fluid similar in composition and lubricating function to native SF 
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(Figure 5.1). The ability to bioengineer such a fluid may have additional applications 

in developing arthritis therapies targeted at restoration of failed joint lubrication, such 

as viscosupplements and molecules that regulate lubricant secretion. A SF bioreactor 

system might also further our understanding of joint physiology and pathophysiology 

by allowing assessment of the relationship between various chemical and mechanical 

regulatory stimuli and resulting composition and function of bioengineered SF.  

Certain membrane materials, including expanded polytetrafluoroethylene 

(ePTFE), may be especially useful in mimicking the function of the synovium in a SF 

bioreactor system. ePTFE is an inert material that can be engineered to have specific 

pore sizes and, thus, varying solute permeability. It also has a controlled structure over 

large surface areas and is resistant to degradation, properties that may help to provide 

consistent filtration during extended periods of bioreactor usage. Such ePTFE 

membranes have been used in culture systems to assess diffusion of solutes across the 

material [37] and also to provide a substrate for cell attachment and growth, especially 

with ePTFE surface-modification [9, 56]. Our preliminary studies have demonstrated 

the ability of human synoviocytes to maintain their lubricant-secreting phenotype 

when cultured on ePTFE membranes and the ability of these membranes to retain 

lubricant molecules in a pore-size dependent manner [11]. Incorporation of this 

material in a bioreactor system to enclose lubricant secreting cell types may allow the 

generation of a bioengineered SF with membrane-modulated lubricant composition 

and, potentially, function. 

The objectives of this study were, using a biomimetic bioreactor system, to (1) 

assess the lubricant composition and friction-reducing function of bioengineered fluid 

(BF), and (2) compare measured lubricant concentrations in BF with those predicted 

by a model incorporating lubricant transport and mass balance principles. 
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Figure 5.1: (A) The in vivo synovial joint can be (B) theoretically and (C) 
experimentally modeled as a system of communicating components which include 
lubricant-secreting cell types, a SF compartment, and a lubricant-retaining semi-
permeable membrane. 
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5.3 Bioengineering Analysis & Design of Synovial Fluid Bioreactor 

Overview 

The bioreactor was designed to have a Bioengineered Fluid (BF) compartment 

that is separated via a semi-permeable membrane from an adjacent Nutrient Fluid 

(NF) compartment. As described in a model for native synovial joints [12], lubricants 

are secreted into the BF by synoviocytes adherent on the membrane and by 

chondrocytes in articular cartilage explants located within the BF. Some molecules are 

lost from the BF by flux through the membrane into the NF; however, the membrane 

offers a degree of outflow resistance sufficient to retain a pool of lubricants in the BF. 

With perturbations in BF, transient changes in the BF compartment are predicted to 

occur (see below) until the system reaches a steady-state lubricant. 

 

Lubricant Secretion Rates 

The lubricant composition in BF is predicted to depend, in part, upon the rate 

of lubricant secretion by chondrocytes and synoviocytes, and also the transport 

properties of the secreted lubricant. In vitro, lubricant secretion rates and transport-

determining structure can be regulated by applied cytokines, including IL-1β + TGF-

β1 (abbreviated IT) and IL-1β + TGF-β1 + TNF-α (abbreviated ITT). IT and ITT 

stimulate synoviocytes to markedly increase the rate of  HA secretion, with an effect 

that is ~7-fold that of the additive effects of individual cytokines and ~100-fold higher 

than basal secretion rates [13]. IT and ITT also regulate the structure of the secreted 

HA, with a resultant molecular weight (MW) distribution resembling that of native SF 

(manuscript submitted for publication). IT and ITT also stimulate PRG4 secretion by 
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chondrocytes (~8-fold) and by synoviocytes (~80-fold) over basal secretion rates, with 

the IT tending to have a greater stimulatory effect than ITT [13]. 

 

Transport of Lubricants 

The lubricant composition in BF is also predicted to depend, in part, upon the 

rate of lubricant loss across the semi-permeable membrane component. Such lubricant 

transport is a function of membrane permeability to lubricants, membrane area, and 

concentration gradient of lubricant between the BF and NF compartments. The 

membrane permeability of the bioreactor can be altered by using membranes with 

different pore sizes. Our previous studies indicated that ePTFE membranes of pore 

sizes 50 nm, 90 nm, 170 nm, and 3 μm offered a spectrum of permeability to HA and 

PRG4 [11]. The 50 nm pore size membranes were ~25-100x less permeable to HA of 

high MW (2400 kDa to 4000 kDa) than 3 μm pore size membranes, and were ~100x 

less permeable to PRG4. The rate of loss of lubricant from SF can also be affected by 

the rate of its degradation, but is not modeled here. 

 

Geometrical Parameters 

The geometry of the bioreactor system, including fluid volumes and tissue and 

membrane areas, affects the dynamics and steady-state concentrations of lubricant in 

the BF and NF. The native synovial joint in vivo was used as a design guide for 

selecting volume and area parameters of the bioreactor system. In the adult human 

knee joint, the total cartilage surface area is ~120 cm2 [19, 20] and the thickness is ~2-

5 mm [20]. The synovium surface area is ~277 cm2 [19], the thickness is ~50 µm [40], 

and the estimated pore size is ~20-90 nm [15, 16, 26, 51]. The SF volume enclosed by 
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these tissue surfaces is ~1-2 ml [42]. A key design guide is the ratio of SF volume to 

synovium surface area, approximately 2 cm3/200 cm2, or ~0.01 cm.  

 

Predicted Lubricant Concentrations (Transient & Steady-State) 

Principles of mass transport have been used to mathematically model transient 

and steady-state lubricant concentration in SF of native joints [12] and were also 

applied to the present bioreactor system. With such an application of the model, the 

mass of lubricant i in BF (i = HA or PRG4), where mass is equal to the concentration 

of i in BF (ci
BF) multiplied by the fluid volume in BF (VBF), is increased by lubricant 

secretion rates by cartilage (ri
AC) and synoviocytes (ri

SYN) scaled to tissue areas (AAC, 

ASYN) and is decreased by flux due to diffusion of lubricant across the semi-permeable 

membrane (Ji
MEM):  
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Such diffusive flux is dependent upon membrane permeability to lubricant 

(pi
MEM) and membrane area (AMEM), and the concentration gradient of lubricant 

between BF and NF compartments (ci
BF - ci

NF):  
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In this model, ci
NF is assumed << ci

BF due to the comparably larger fluid 

volume of NF (i.e., 30x VBF) and due to the frequent replenishment of fluid in the NF 

compartment. Thus, in the bioreactor system, the expression for transient changes in 

ci
BF is: 
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 which at steady-state simplifies to the following expression for ci
BF: 
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An important parameter associated with this analysis is the time constant τi, 

describing the kinetics of lubricant concentration in BF. As previously described, it 

represents the time over which lubricant i reaches 63% of the steady state 

concentration starting from a zero concentration [12].  
 

  
MEMMEM

i

BF

i Ap
V

=τ  (5) 

The form of τi indicates that increases in pi
MEM and AMEM result in decreases in 

τi, while increases in VBF cause increases in τi. 

 

5.4 Materials and Methods 

Bioreactor System 

Bioreactors were fabricated to create two compartments: (1) a bioengineered 

fluid (BF) compartment and (2) a nutrient fluid (NF) compartment. The housing of the 

bioreactor was constructed from polysulphone. The BF and NF compartments were 

separated by two plane-parallel semi-permeable membranes each with a surface area 

of 1 cm2 and separated by a distance of 1 mm (Figure 5.1). The BF compartment had 

a fluid volume of 0.1 ml, while the NF compartment had a volume of 3 ml.  
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Inert poly-l-lysine coated expanded polytetrafluoroethylene (ePTFE) 

membranes with average pore sizes of either ~50 nm or ~3 μm (W.L. Gore & 

Associates, Inc.) were utilized in the bioreactor in order to achieve varying degrees of 

lubricant retention. The 50 nm pore size is in the range of estimates of pore size of the 

synovium in vivo, and our previous studies demonstrated that the small ~50 nm pore 

size membranes retained HA and PRG4 lubricant molecules much more effectively 

than membranes of 3 μm pore size [11].  

Human synoviocytes from four donors were prepared for use in bioreactors. 

Human synovial tissue was collected with Institutional Review Board (IRB) approval 

and informed donor consent, and studies were approved by the University of 

California, San Diego Human Subjects Research Protection Program. The synovial 

tissue was obtained from patients with osteoarthritis (OA) and rheumatoid arthritis 

(RA) at the time of joint replacement, as described previously [2]. The diagnosis of 

RA conformed to the 1987 revised American College of Rheumatology criteria [4]. 

Synovial tissues were minced and incubated with 1 mg/ml collagenase in serum free 

DMEM with additives (100 U/ml penicillin, 100 µg/ml streptomycin, 0.25 µg/ml 

Fungizone, 0.1 mM MEM non-essential amino acids, 10 mM HEPES, 0.4 mM L-

proline, 2 mM L-glutamine) for 2 hr at 37ºC, filtered through a nylon mesh, 

extensively washed, and cultured in DMEM supplemented with 10% fetal bovine 

serum. After overnight culture, nonadherent cells were removed. Adherent cells were 

later trypsinized, split at a 1:3 ratio, and cultured in DMEM+10% FBS. Synoviocytes 

were used from passages 3 through 9 when they are a homogeneous population of 

fibroblast-like synoviocytes (<1% CD11b, <1% phagocytic, and <1% FcgRII positive 

[2]). 
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Bovine cartilage explants were harvested from the patellofemoral groove of 

four immature (1-3 week old) bovine stifle joints. Cartilage disks of 4 mm diameter 

and ~300-400 μm thickness containing the superficial zone with intact articular 

surface were obtained using a dermal biopsy punch and scalpel. 

 

Experimental Design 

Synoviocytes were seeded at 10,000 cells/cm2 on a 50 nm pore size membrane 

applied to one end of the BF compartment of each bioreactor, and were cultured in 

DMEM+10% FBS for 6 days. Confluent cell layers were then incubated in DMEM + 

0.5% FBS for 2 days to establish basal conditions prior to the addition of bovine 

cartilage explants (1 disk per bioreactor) and the application of either a 50 nm pore 

size or 3 μm pore size membrane on the other end of the BF compartment (Figure 

5.1). Media, initially used to fill the BF compartment and also added to the NF 

compartment initially and with media changes, consisted of basal medium 

supplemented with either IL-1β + TGF-β1 (IT) or IL-1β + TGF-β1 + TNF-α (ITT) 

using concentrations of 10 ng/ml for IL-1β and TGF-β1, and 100 ng/ml for TNF-α. 

These cytokine combinations stimulate HA and PRG4 secretion over basal media 

conditions [13], as noted above. Bioreactors were incubated at 37ºC in a humidified 

5% CO2 environment with nutation for 12 days. Every 3 days, spent NF (either IT or 

ITT) was saved at -20ºC and fresh NF was provided. At the end of the culture period, 

BF was collected and weighed to determine volume, and both BF and NF were frozen 

at -70ºC. Subsequent analyses were performed on BF collected at day 12 and portions 

of NF pooled from all time point collections (days 3, 6, 9, and 12). 

 

Analysis of Composition & Function of BF, NF, and SF 
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BF and NF were analyzed for concentration of HA by an enzyme-linked 

binding assay using HA binding protein [1].  

The MW distribution of HA in BF and NF was assessed with an agarose gel 

electrophoresis technique [32], with several modifications. BF and NF samples, 

normal human SF (obtained from the normal knee, as assessed by X-ray, of subjects 

with intra-articular fractures in the contralateral knee, with IRB approval and informed 

consent), and HA standards in the MW range 30-4000 kDa (Associates of Cape Cod 

Inc., East Falmouth, MA) were first treated with proteinase K (0.5 mg/ml) overnight at 

37ºC. The proteinase K was then subsequently inhibited by addition of 4-(2-

Aminoethyl)-benzenesulfonyl fluoride (AEBSF) (1 mg/ml) (Roche, Indianapolis, IN), 

and a portion of each sample was treated with Streptomyces hyaluronidase (10 U/ml) 

(Seikagaku Corp., Tokyo, Japan) overnight at 37ºC. Samples with an HA mass of 700 

ng were applied to 1% agarose gels (Lonza, Rockland, ME), separated by horizontal 

electrophoresis at 100V for 110 minutes in TAE buffer (0.4 M Tris-acetate, 0.01 M 

EDTA, pH 8.3), and visualized after incubation with 0.1% Stainsall reagent (Sigma, 

St. Louis, MO). Gel images were digitized with a D80 digital camera (Nikon, 

Melville, NY) and also processed to quantify HA distribution by subtracting the 

intensities of hyaluronidase-treated samples from those of non-hyaluronidase-treated 

samples and integrating the differential intensities within the MW ranges of <1000 

kDa, 1000-3000 kDa, and >3000 kDa in order to determine the percentage of total HA 

in these regions. 

Samples were also analyzed for PRG4. NF was analyzed for PRG4 

concentration by ELISA using mAb 3-A-4 to detect bovine PRG4 (gift from Dr. Bruce 

Caterson [47]) or mAb GW4.23 to detect human PRG4 (gift from Dr. Klaus Kuettner 

[53]. BF and normal bovine SF were analyzed for PRG4 concentration by Western 
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blot with quantitative comparison to a band of similar MW of a known amount of 

PRG4 (Western blot methods described in detail below).  

The structure of PRG4 in BF and in normal bovine SF was also assessed by 

Western blot. NF was not analyzed for PRG4 structure due to a very low PRG4 

content. BF samples (2, 6, or 12 μl), normal bovine SF (0.25 μl), and PRG4 protein 

standards (0.1 μg, 0.2 μg) were treated with 10 U/ml Streptomyces hyaluronidase 

(Seikagaku Corp., Tokyo, Japan) overnight at 37ºC. Samples were then applied to 

precast 3-8% acrylamide Tris-acetate gels, and separated by electrophoresis at 150V 

for 1 hr in Tris-acetate SDS running buffer (50 mM Tricine, 50 mM Tris base, 0.1% 

SDS, pH 8.24), blotted onto PVDF membranes (Amersham, Piscataway, NJ) at 30V 

for 1 hr in transfer buffer (25 mM Bicine, 25 mM Bis-Tris, 1 mM EDTA, pH 7.20. 

The membranes were then blocked for 1 hr in 5% normal goat serum in PBS + 0.1% 

Tween 20 (pH 7.4), reacted with mAb 3-A-4 to bovine PRG4 [48] or mAb GW4.23 to 

human PRG4 (or non-specific mouse IgG as a control (Pierce, Rockford, IL)) at 0.5 

µg/ml in 1% BSA in PBS + 0.1% Tween 20 for 1 hr, and then a goat anti-mouse 

secondary antibody conjugated to horse radish peroxidase. Immunoreactivity was 

detected by ECL-Plus chemiluminescence (Amersham Biosciences, Piscataway, NJ) 

and recorded with a Storm Imager (GMI, Ramsey, Minnesota). Signal intensities for 

each PRG4-immunoreactive band in BF and SF, and also in the PRG4 protein 

standards, were quantified with ImageQuant software (Molecular Dynamics, Fairfield, 

CT) and utilized to calculate PRG4 concentration in unknown samples.  

 

Analysis of Lubricant Function 

BF and normal bovine SF samples were also analyzed for friction-lowering 

function with boundary-mode friction tests performed on articulating adult bovine 
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cartilage as described previously [46]. Test lubricant solutions (~0.6 ml each) 

consisted of the following (each with proteinase inhibitors, PI): (1) PBS (as a negative 

control), (2,3) 10% BF from 50 nm pore size, for IT and ITT conditions, (4,5) 100% 

BF from 50 nm pore size, for IT and ITT conditions, (6,7) 10% BF from 3 μm pore 

size, for IT and ITT conditions, (8,9) 100% BF from 3 μm pore size, for IT and ITT 

conditions, and (10) normal bovine SF. Friction testing was performed using articular 

cartilage substrate from n=4 animals in an annulus-on-disk configuration at an offset 

compression of 18%, to yield boundary-mode friction coefficients, calculated from the 

measured torque and peak and equilibrium axial load.  

 

Theoretical Predictions of Lubricant Concentration 

Theoretical predictions of transient and steady-state lubricant concentrations in 

BF were performed as outlined in the Bioengineering Analysis section. Additionally, 

the relationship between day 12 measured lubricant concentrations and day 12 

predicted lubricant concentrations were assessed. Theoretical predictions were made 

utilizing membrane permeability and lubricant secretion rate parameter values listed in 

Table 5.1. Permeability parameters were obtained from our previous studies assessing 

lubricant transport across 50 nm and 3 μm pore size ePTFE membranes for HA of a 

range of molecular weights (MWs) and for PRG4 (Table 5.1A). Lubricant secretion 

rate parameters (as a function of MW for HA) were obtained from lubricant 

composition analyses of the current study in both IT and ITT cytokine conditions and 

in both 50 nm and 3 μm membrane conditions (Table 5.1A). Additional parameters 

used in the model analysis were the volume of bioengineered fluid (0.09 ml), the area 

of cartilage (0.13 cm2), the area of synoviocytes (1 cm2), and the area of each 

membrane (1 cm2) (Table 5.1B).  
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Statistical Analysis 

Data are expressed as mean ± SEM. For HA and PRG4 concentration data, a 1-

way ANOVA was used with Tukey post-hoc tests to compare all samples of either BF 

or NF. For analysis of HA MW, a 1-way ANOVA and Tukey post-hoc test was used 

to assess differences among all BF and NF samples in the MW ranges of <1,000 kDa, 

1,000-3,000 kDa, and >3,000 kDa. For analysis of BF and SF lubricating function, a 

3-way ANOVA was used to determine the effect of cytokine treatment (IT, ITT), 

membrane pore size (50 nm, 3 μm), and dilution (10%, 100%) of BF fluid tested. A 1-

way ANOVA with Tukey post-hoc test was also used to assess differences in 

lubricaint function among all samples. Univariate and multivariate regression was 

used to analyze the relationships between friction-lowering ability of BF & SF and the 

lubricant concentrations. Univariate regression was also used to analyze the 

relationship between measured lubricant concentrations and those predicted by theory, 

and t-tests were utilized to assess differences between these.  
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Table 5.1: (A) Membrane permeability and lubricant secretion rate parameters. (B) 
Geometric parameters utilized in the mathematical model. AC = articular cartilage, 
SYN = synoviocytes. 
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5.5 Results 

HA Concentration & Structure in Bioengineered, Nutrient, & Native Synovial 

Fluid 

The HA concentrations in BF were greater than those in NF, and higher in 

bioreactors with 50 nm membranes than with 3 μm membranes (Figure 5.2A,B). The 

HA concentration in BF with 50 nm membranes was ~11-fold higher than that with 3 

μm membranes (~572 μg/ml vs. ~53 μg/ml, p<0.05), and comparable to that of bovine 

SF (~600 μg/ml). Lubricant concentrations in NF were 10-100x lower than those in 

BF (p<0.05). In contrast to BF, the HA concentration in NF with 50 nm membranes 

was 13-fold lower than that in NF with 3 μm membranes (~0.4 μg/ml vs. ~5 μg/ml, 

p<0.05). The different cytokine combinations applied (IT, ITT) had no statistically 

significant effect on HA concentration in BF or NF, although there was a trend of 

higher HA concentration in BF with 50 nm membranes and IT treatment compared to 

ITT treatment (659 μg/ml vs. 484 μg/ml, p=0.16).  

The HA MW distribution in NF, but not BF, was dependent upon membrane 

pore size for most MW ranges. In agarose gels, HA at high MWs (of ~4000 kDa) was 

evident in BF samples from bioreactors both with 50 nm and 3 μm membranes, as well 

as for NF samples with 3 μm membranes. In contrast, HA at low MWs (of ~30 kDa) 

was evident in NF samples from bioreactors with 50 nm but not 3 μm membranes 

(Figure 5.2C,D). Quantitatively, the distribution of HA in BF samples for MW ranges 

of >3000 kDa, 1000-3000 kDa, and 1000 kDa was ~31%, ~34%, and ~35%, 

respectively, with 50 nm membranes, and ~39%, ~23%, and ~28%, respectively, with 

3 μm membranes (Figure 5.2E,F). The concentrations of HA in each of these MW 

ranges in BF samples was markedly higher with 50 nm membranes than with 3 μm 
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membranes due to the overall higher HA concentration with the smaller pore 

membrane (p<0.05). However, the distribution amongst different size HA among BF 

samples were not significantly different, with the exception of the 50 nm vs. 3 μm 

membranes from the ITT cytokine condition in the > 3000 kDa range (32% vs. 54%, 

p<0.05). Analogously, the concentrations of HA in each of these MW ranges in NF 

samples was markedly lower with 50 nm membranes than with 3 μm membranes due 

to the overall lower HA concentration with the smaller pore membrane (p<0.05). 

However, in contrast to BF samples, NF samples exhibited MW distributions of HA 

that were markedly affected by membrane pore size for all MW ranges (p<0.05). In 

NF samples with 50 nm membranes, HA was primarily distributed in the <1000 kDa 

range (~84 %), whereas in NF samples with 3 μm membranes, HA distribution 

extended to the higher MWs and resembled that of BF. The type of cytokine stimulus 

(IT, ITT) did not affect the HA MW distribution in either BF or NF (p=0.37-0.99). 

 

PRG4 Concentration & Structure in Bioengineered, Nutrient, & Native Synovial 

Fluid 

The PRG4 concentrations were predominantly (>99%) of bovine origin (i.e., 

from bovine articular cartilage chondrocytes rather than human synoviocytes), higher 

in BF than in NF, and higher with 50 nm membranes than with 3 μm membranes 

(Figure 5.3A,B). The concentration of PRG4 in BF with 50 nm membranes was 33-

fold higher than that with 3 μm membranes (~380 μg/ml vs. ~11 μg/ml; p<0.05) and 

also comparable to that of bovine SF (~450 μg/ml). The PRG4 concentrations in NF 

were 500-50,000-fold lower than those in corresponding BF (p<0.05). In NF, the 

PRG4 concentration with 50 nm membranes was 7-fold lower than that with 3 μm 

membranes (~0.006 μg/ml vs. ~0.04 μg/ml, p<0.05). The type of cytokine stimulus 
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(IT, ITT) did not affect the PRG4 concentration in BF or NF, although there was a 

trend of higher PRG4 concentration in BF with 50 nm membranes and IT treatment 

compared to ITT treatment (461 μg/ml vs. 294 μg/ml, p=0.12).  

The PRG4 in BF with both 50 nm and 3 μm membranes, and from both IT and 

ITT cytokine combinations, had a high MW structure that appeared similar to that 

present in normal bovine SF (Figure 5.3C, shows bovine PRG4). 
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Figure 5.2: HA concentration and size distribution in native bovine synovial fluid 
(SF) and bioengineered fluid (A, C, E), and in nutrient fluid (B, D, F). (A,B) HA 
concentration, (C,D) Assessment of MW distribution of HA by agarose gel 
electrophoresis, (E,F) Quantitative analysis of HA MW distribution as a % of total 
HA in the MW ranges of >3 MDa, 1-3 MDa, and <1 MDa. Cytokine stimulus 
conditions were IL-1β + TGF-β1 (IT) and IL-1β + TGF-β1 + TNF-α (ITT), and 
membranes had pore sizes of 50 nm or 3 μm, n=4-5. * = 50 nm vs. 3 μ, # = BF vs. NF 
for same pore size. 



164 

 

 

 

Figure 5.3: Characterization of PRG4 concentration in native bovine synovial fluid 
(SF) and bioengineered fluid (BF) (A,C), and in nutrient fluid (NF) (B). PRG4 
concentration in BF and NF is determined as the sum of PRG4 of both bovine and 
human origins for IT and ITT stimulus groups (defined in legend to Figure 5.2), and 
that in SF is that of bovine origin. (C) Western blot of BF from IT and ITT stimulus 
groups for 50 nm and 3 μm pore size membranes. Data are for n=4-5. 
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Friction-Reducing Lubricating Function of Bioengineered Fluid (BF) and native 

SF 

The lubricating function of BF in a cartilage-on-cartilage friction test was 

dependent upon membrane pore size and percent strength of fluid tested, but not on 

the selected cytokine combinations (Figure 5.4). BF with 50 nm membranes was a 

markedly better lubricant than that of BF with 3 μm membranes (μ= ~0.037 vs. 

~0.097, p<0.05). Additionally, the lubricating function of 100% strength fluids was 

markedly better than that of 10% strength fluids (p<0.05). Both 10% and 100% 

strength BF with 50 nm membranes had greater lubricating ability than that of PBS 

(μ=0.20), as did 100% strength BF with 3 μm membranes (each, p<0.05). However, 

only 100% BF with 50 nm membranes approached that of native SF (μ= ~0.037 vs. 

~0.023, p=0.08-0.29).  

 

Correlation Between Fluid Lubricant Composition and Lubricating Function 

For BF and SF samples, friction coefficient was correlated negatively with the 

concentrations of HA and PRG4. Univariate regression analysis demonstrated 

significant relationships between friction coefficient and each lubricant with R2 values 

of 0.70-0.71 (Figure 5.5A,B, each, p<0.05). Multivariate regression analysis revealed 

the independent effects of both HA and PRG4 lubricants on friction coefficient with 

an even stronger overall correlation with R2 values of 0.81-0.83 (Figure 5.5C,D, each, 

p<0.05). A plot of the residuals from the multivariate regression showed relatively 

little variation (R2=0.28), indicating that HA and PRG4 accounted for most of the 

observed variation in lubricating function of fluid samples (Figure 5.5E).   
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Figure 5.4: Characterization of friction coefficients of fluid samples. (A) Schematic 
of cartilage-on-cartilage friction test utilized to assess boundary-mode friction 
coefficient. (B) Effect of PBS (negative control), bovine synovial fluid (SF) (positive 
control), and bioengineered fluid (BF) (both 100% strength and 10% strength) from IT 
and ITT stimulus groups for 50 nm and 3 μm pore size membranes on friction 
coefficient, n=4-16. 
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Figure 5.5: Correlations between lubricant composition and lubricating function of 
BF and SF. Linear regression analysis between friction coefficient (μ) and (A) HA or 
(B) PRG4 concentration. Multivariate regression analysis between (C) HA-related μ 
and HA concentration or (D) PRG4-related μ and PRG4 concentration, with residuals 
shown in (E). n=4-16, ■ = 10% BF data, ▲= 100% BF data, ● = SF data. 
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Predicted Lubricant Concentrations  

Theoretical analysis of HA and PRG4 concentrations in BF predicted trends 

(Figure 5.6) similar to those observed experimentally, and there was a strong 

correlation between predicted and measured lubricant concentrations (R2 values 

between 0.82-0.85, Figure 5.7). After 12 days, the predicted total HA concentrations 

(sum of the predicted concentrations in each MW form of HA) were 366 μg/ml and 

268 μg/ml with 50 nm membranes of IT and ITT conditions, respectively, while 

experimentally observed values were 659 μg/ml and 484 μg/ml, showing similar 

trends but higher magnitudes (Figure 5.7A, p<0.05). With 3 μm membranes, the 

predicted concentrations for IT and ITT conditions were lower at 50 μg/ml and 39 

μg/ml, respectively, and similar to experimentally observed values of 57 μg/ml and 49 

μg/ml (p=0.22-0.26). The predicted PRG4 concentrations in BF were 361 μg/ml and 

231 μg/ml with 50 nm membranes of IT and ITT conditions, respectively, and 

experimental measurements were similar at 461 μg/ml and 294 μg/ml, respectively 

(Figure 5.7C, p=0.15-0.48). Predicted PRG4 concentrations in BF were markedly 

lower with 3 μm membranes, at 0.6 and 0.4 μg/ml, respectively, and trends were 

consistent with experimental observations at 14 μg/ml and 9.5 μg/ml (p=0.06-0.14). 

The contributions of HA of different MWs to the total HA concentration varied 

(Figure 5.6C-F, Figure 5.7B) likely as a function of the distinct secretion rates 

(Table 5.1A, calculated from data in Figure 5.2C-F) and membrane permeabilities. 

For the condition of 50 nm membranes and IT cytokine stimulation, predicted vs. 

measured day 12 HA concentrations were 219 μg/ml vs. 172 μg/ml for 4000 kDa HA, 

137 μg/ml vs. 87 μg/ml for 2400 kDa HA, 143 μg/ml vs. 71 μg/ml for 1156 kDa HA, 

77 μg/ml vs. 24 μg/ml for 450 kDa HA, 41 μg/ml vs. 7 μg/ml for 262 kDa HA, 35 

μg/ml vs. 5 μg/ml for 160 kDa HA, and 8 μg/ml vs. 0.4 μg/ml for 30 kDa HA (Figure 
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5.6C, Figure 5.7B). For the condition of 3 μm membranes and IT stimulation, similar 

results of decreasing concentration with decreasing MW were predicted and observed, 

although with lower magnitudes due to higher membrane permeability. Predicted vs. 

measured HA concentrations were 28.9 μg/ml vs. 20.9 μg/ml for 4000 kDa HA, 11.0 

μg/ml vs. 10.7 μg/ml for 2400 kDa HA, 9.0 μg/ml vs. 8.7 μg/ml for 1156 kDa HA, 4.0 

μg/ml vs. 5.5 μg/ml for 450 kDa HA, 2.1 μg/ml vs. 2.1 μg/ml for 262 kDa HA, 1.5 

μg/ml vs. 1.8 μg/ml for 160 kDa HA, and 0.7 μg/ml vs. 0.4 μg/ml for 30 kDa HA 

(Figure 5.6E, Figure 5.7B). For the ITT cytokine conditions, the predicted trends 

paralleled those for the IT cytokine conditions (Figure 5.6D,F, Figure 5.7B). 

The predicted time constants associated with kinetics of HA and PRG4 buildup 

were dependent upon variations in membrane permeability, reflecting both membrane 

properties and lubricant structure (Figure 5.6G). For HA of 4000 kDa, the time 

constant τ was predicted to be 15.2 days with 50 nm membranes and 0.91 days with 3 

μm membranes. For an intermediate MW of 450 kDa, both τ’s were predicted to be 

markedly lower, at 3.1 days and 0.57 days with 50 nm and 3 μm membranes, 

respectively. Low MW HA of 30 kDa was predicted to have even lower τ’s of 0.17 

days that were similar for the membranes with different pore sizes. With 50 nm and 3 

μm pore size membranes, the predicted τ’s for HA overall were 11.1 days and 0.75 

days, respectively, and those for PRG4 were 14.5 days and 0.34 days, respectively. 

The model thus suggested that steady-state concentrations were not yet achieved in the 

bioreactor system for total HA and PRG4 in 50 nm conditions. Steady-state 

concentrations in these conditions were predicted to be 556 μg/ml and 412 μg/ml for 

HA with 50 nm membranes of IT and ITT conditions, respectively, and 649 μg/ml and 

409 μg/ml for PRG4 with 50 nm membranes of IT and ITT conditions, respectively 

(Figure 5.6A,B). 
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Figure 5.6: Theoretical predictions of BF lubricant concentrations in bioreactor. 
Predicted transient and steady-state lubricant concentrations in BF for (A) total HA 
(sum of all MW’s) and (B) PRG4. Predicted HA concentration as a function of MW in 
the different conditions are shown in C-F: (C) 50 nm IT, (D) 50 nm ITT (E) 3 μm IT, 
and (F) 3 μm ITT. Associated time constants, τ, to reach steady-state values (~63% of 
rise) are shown in (G). 



171 

 

 

 

Figure 5.7: Correlations between measured lubricant concentrations and predicted 
lubricant concentrations after a duration of 12 days, for both IT and ITT cytokine 
groups and 50 nm and 3 μm membranes. (A) total HA (sum of all MW’s), (B) HA for 
each individual MW, and (C) PRG4. 
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5.6 Discussion 

In this study, a biomimetic bioreactor system was developed and capable of 

generating fluid with lubricant composition and friction-lowering function similar to 

that of native SF. HA and PRG4 concentrations in BF were 10x-50,000x higher than 

those in NF, 10x-30x higher with 50 nm membranes than with 3 μm membranes, and 

did not differ significantly between IT and ITT cytokine groups (Figure 5.2AB, 

5.3AB). BF with 50 nm membranes achieved HA and PRG4 concentrations similar to 

that of native bovine SF, ~600 μg/ml and ~400 μg/ml, respectively. The distributions 

of HA in BF with both pore size membranes and in NF with 3 μm membranes 

included a  heavy contribution of high MWs (~4000 kDa) and resembled that of native 

SF, while the distribution of HA in NF with 50 nm membranes was predominantly of 

low MW (~30 kDa) (Figure 5.2C). PRG4 structure in BF was of the same high MW 

form for all conditions and similar to that of native bovine SF (Figure 5.3C). The 

lubricating function of BF with 50 nm membranes was better than that with 3 μm 

membranes (μ= ~0.037 vs. ~0.097), and approached that of native SF (μ=0.023), 

without a marked difference between IT and ITT cytokine stimulus groups (Figure 

5.4). Friction coefficients were correlated negatively with HA and PRG4 

concentrations (Figure 5.5), with increasing lubricant concentrations correlated to 

lower friction coefficients, consistent with the dose-dependence of BF function 

(Figure 5.4). Model predictions of HA and PRG4 concentrations in BF were 

consistent with those observed experimentally, with distinct kinetics for the 

membranes of different pore sizes and for the HA of different MW forms. The ability 

to bioengineer a fluid with lubricant qualities similar to native SF may have 
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applications in tissue engineering of articular cartilage using mechanical stimuli, in 

generating viscosupplements, and in identifying lubricant-regulating molecules.  

The design of this study allowed interpretation of the relative contributions of 

cartilage explants vs. synoviocytes to the total PRG4 and HA lubricant pool in BF. 

The use of cartilage explants from bovine species and synoviocytes from human 

species allowed the specific detection of bovine vs. human PRG4. Under the culture 

conditions of the study, PRG4 present in both BF and NF was predominantly of 

bovine (i.e. cartilage and chondrocyte) origin. As synoviocytes are considered the 

primary source of HA in synovial joints and their HA secretion rate greatly exceeds 

that of chondrocytes, particularly with cytokine stimulation [41], it is likely that HA in 

BF and NF was predominantly of synoviocyte origin. The interactive effects of the 

chondrocytes and synoviocytes as a result of co-culture were not assessed, but could 

have affected the results and could differ from the additive effects of these cells 

independently. In addition, only one duration of incubation was chosen for lubricant 

analysis, and, based on theory, the duration approached that at which steady-state 

concentrations were predicted. Further, the effects of cytokine stimuli were limited to 

two combinations, found in previous studies to markedly stimulate HA synthesis. 

Thus, a number of areas of future investigation are possible using the bioreactor 

system described here. 

The findings in this study of 50 nm pore size membranes acting as a molecular 

sieve to allow HA of only very low MW to be transported is analogous to findings of 

previous studies of the transport of HA of different MWs across the native synovium. 

There, infusion of HA of different MWs into the synovial joint cavity of rabbits 

demonstrated that HA of relatively low MW (~140 kDa, ~500 kDa) was reflected less 

by the synovium and accumulated more readily in the synovial cavity than did HA of 
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higher MW (~2200 kDa) [16, 43]. Similar patterns of transport were observed in 

studies with intraarticular infusion of fluorescein-labeled HA in dog knee joints, 

where HA of 2300 kDa MW barely penetrated the synovial lining, but 840 kDa HA 

penetrated more readily [5]. Thus, the 50nm pore size membrane used in the present 

study provides transport properties resembling those of the native synovium under 

normal conditions. 

However, since the structure and ultrafiltration function of synovium may 

occur in disease or injury and affect the composition of the SF, membranes with other 

pore sizes, especially larger ones, could be utilized in the current bioreactor system to 

mimic different conditions occurring in vivo. For example, the half-life of HA in SF 

decreases in arthritic or inflamed joints (~12 hr vs. ~24 hr) [17, 24, 31, 44], as do the 

SF concentrations of HA and PRG4 [3, 6-8, 18, 21, 22, 54]. At the same time, the SF 

concentrations of certain cytokines that may contribute to degradation of the synovium 

extracellular matrix are often increased [10, 29, 30, 34, 57], and such degradation can 

increase the permeability of the tissue [14, 49, 50]. Membrane permeability and SF 

lubricant concentration and kinetics were associated in the present study, as 3 μm pore 

size membranes with a relatively high permeability to lubricants were predicted to 

have relatively low steady-state lubricant concentrations, and a relatively small time 

constant, compared to the 50 nm pore size membranes. Thus, modulation of 

membrane pore size in the bioreactor system can allow modulation of lubricant 

dynamics and equilibration in order to mimic various aspects of in vivo physiology 

and disease. 

The correlation between lubricant concentration and lubricating function of BF 

found in this study is consistent with other studies identifying the lubricating functions 

of solutions containing HA and PRG4. The boundary lubrication functions of native 
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SF and also purified preparations of HA and PRG4 showed concentration-dependent 

effects for reducing friction [45, 46]. Likewise, SF from injured or diseased joints with 

decreased lubricant concentrations have a diminished boundary lubrication function 

[3, 22, 54].  

Model predictions suggest distinct kinetics due to membranes with different 

pore sizes and permeabilities, for the different lubricant molecules and the varying 

MW forms of HA. The predicted time constants associated with lubricant build-up 

with the 3 μm membrane suggest that concentrations were near steady-state levels 

after the 12 day culture period for all lubricant molecules, including PRG4 and HA of 

all MWs. However, with the 50 nm pore size membrane, predictions suggest that HA 

of higher MW (4000 kDa, 2400 kDa) and also PRG4 may have attained only ~50-80% 

of steady-state concentrations, while HA of lower MW reached equilibrium. Thus for 

the smaller pore size membrane, the concentration of HA and PRG4 may continue to 

increase slowly for several weeks beyond the 12 day duration of incubation used in 

the present study.  

The strong correlation between experimentally measured lubricant 

concentrations and theoretical predictions suggests that the bioreactor system is 

operating within well-described principles of mass balance and transport under potent 

biological regulation, and demonstrates the utility of applying the mathematical model 

and quantitative analyses to the bioreactor system to acquire information that may not 

be readily determined through experiments. For example, continuous sampling of fluid 

in the bioreactor would be complicated by the small volume available, while 

theoretical predictions can provide useful estimates of the time course of lubricant 

buildup. Mathematical modeling may allow future experimental designs to be 

condensed by making theoretical predictions of the culture duration required to 
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achieve a desired lubricant concentration in the fluid, and also by predicting the 

effects of various chemical factors and membrane pore sizes on lubricant 

concentration in BF. Differences between certain experimentally observed and 

theoretically predicted results could be scrutinized in terms of biological and physical 

mechanisms not yet incorporated in the theoretical model. Features that could be 

modeled are physicochemical interactions of lubricants, and the dependence of 

membrane permeability on lubricant concentration.  

A bioreactor system capable of generating a bioengineered fluid with lubricant 

composition and function similar to that of native SF may have application in 

developing and improving biological and biomechanical treatments of the synovial 

joint. Intra-articular HA injections are commonly performed clinically and have been 

purported to affect the biology of the joint in order to restore the viscosity and 

protective functions of the synovial fluid [35, 55]. Injection of a PRG4 protein 

construct has been shown in a rat model of induced OA to be therapeutically effective 

in inhibiting cartilage degeneration [23]. Anti-cytokine pharmaceutical agents are also 

administered as arthritis therapies to reduce pain and inflammation [25, 36]. A 

bioengineered lubricous fluid may have application as a viscosupplement, while a 

bioreactor system for creating such a fluid may enable analysis of the effects of 

pharmaceutical therapies on lubricant regulation and identification of molecules that 

regulate lubricant secretion by cells in the joint.  

Biomimetic synovial joint bioreactor systems may also be useful for 

developing therapies that use or provide the sustained restoration or enhancement of 

joint lubrication. Delivery of lubricant-secreting cells themselves into deficient joints, 

whether at the tissue or whole joint scale, may be a method for sustaining lubricant 

molecules in SF. For example, introduction of a synoviocyte- or chondrocyte-laden 
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material generated in bioreactors may be introduced to the joint as a therapy on the 

tissue scale; experimental developments in this area includes a tissue engineered 

synoviocyte-laden membrane for lubricating tendon repair sites and preventing 

adhesions to surrounding tissues [39]. Tissue engineering of whole joints for 

biological arthroplasty is an emerging research area that may also benefit from the 

results of the present study. In tissue engineering whole joints for such applications, a 

lubricating environment may be critical to the appropriate mechanical stimulation of 

cartilage surfaces undergoing joint-like motion in bioreactors [38]. 

Thus, the results of this study demonstrate the ability to bioengineer a 

lubricious fluid in a biomimetic bioreactor system with concentration and function that 

is modulated by the pore-size-based retention of lubricants by semi-permeable 

membranes. The ability to bioengineer such a fluid in a system where experimental 

parameters that affect lubricant secretion and retention can be controlled may have 

applications in understanding lubricant regulation in health, injury, and disease, and in 

developing improved arthritis therapies targeted at restoration of failed joint 

lubrication. 
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CHAPTER 6: 

CONCLUSIONS 

6.1 Summary of Findings 

This dissertation has incorporated biophysical features of the synovial joint 

into a theoretical model of the SF compartment, and has recapitulated these features in 

a biomimetic bioreactor system to produce a bioengineered fluid with lubricant 

composition and function similar to that of native SF. A mathematical model was 

developed to describe the dynamics of HA and PRG4 concentration in native SF of 

joints that were normal, injured, or treated, and also in bioengineered SF in 

bioreactors. Synoviocyte HA and PRG4 secretion rates and structures were 

experimentally assessed in response to cytokines, applied individually or in 

combination. The extent of retention of HA (of various MWs) and PRG4 by semi-

permeable membranes was also assessed for membranes of a range of pore sizes. 

Finally, a biomimetic bioreactor system, incorporating cytokine-stimulated lubricant 

secretion by synoviocytes and chondrocytes and also membrane pore size-modulated 

lubricant retention, was developed and used to generate a bioengineered fluid with 

lubricant composition and function similar to that of native SF. 

Mathematical modeling of SF lubricant dynamics in native joints (Chapter 2) 

predicted steady-state lubricant concentrations that were dependent on several key 
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parameters, including lubricant secretion rates, area of the cartilage and synovium 

tissues, and synovium permeability to lubricant molecules. The predicted lubricant 

concentrations were consistent with those observed physiologically. Altered cytokine 

concentrations in SF that may occur in injury and disease were predicted to alter 

steady-state lubricant concentrations by regulating chondrocyte and synoviocyte 

lubricant secretion rates. Analysis of the kinetics of HA and PRG4, starting from 

either a zero SF lubricant concentration or with a bolus increase in concentration after 

therapeutic injection, predicted that PRG4 and HA achieve steady-state concentrations 

on distinct time scales (on the order of hours for PRG4, and days for HA). 

Application of cytokines, individually and in combination, to cultured 

synoviocytes (Chapter 3) resulted in a wide range of lubricant secretion rates and 

structures. HA secretion rates were markedly increased by IL-1β, while PRG4 

secretion rates were markedly increased by TGF-β1. Certain combinations of 

cytokines synergistically increased HA secretion rates up to 7-fold over the predicted 

additive effects of individual cytokines. In contrast, PRG4 secretion rates were 

stimulated to a lesser extent by combinations of cytokines compared to treatment with 

TGF-β1 alone. Secreted HA was primarily of low MW (<1 MDa) under control 

conditions and after stimulation by individual cytokines, but was distributed in higher 

MW ranges to more closely resemble the MW distribution in normal human SF after 

stimulation with certain combinations of cytokines. Under the cytokine conditions 

examined, the MW of secreted PRG4 was not affected, and equivalent to the high MW 

form in human SF.  

The retention of HA and PRG4 by semi-permeable expanded 

polytetrafluoroethylene (ePTFE) membranes (Chapter 4) was dependent upon pore 

size, with % of total lubricant loss and membrane permeability increasing with 
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increasing pore size. HA retention was further dependent upon the presence of 

adherent cells and HA MW. Low MW HA was lost equally from membranes of all 

pore sizes, while HA of intermediate MW and high MW was lost to a greater extent 

by larger pore size membranes. The presence of an adherent synoviocyte layer 

decreased loss of HA only in the smallest pore size membranes. The associated 

permeability values were reflective of these trends in lubricant loss. This study also 

demonstrated that cytokine-regulated synoviocyte HA and PRG4 secretion rates on 

ePTFE membranes were comparable to those of synoviocytes on tissue-culture plastic. 

Studies representing an integration of results of Chapters 2-4 demonstrated the 

ability of a biomimetic bioreactor system to bioengineer a lubricious fluid with 

composition and function that is modulated by the pore-size-based retention of 

lubricants by semi-permeable membranes (Chapter 5). HA and PRG4 concentrations 

in bioengineered fluid (BF) with small pore size membranes (50 nm) were ~600 μg/ml 

and ~400 μg/ml, respectively, which were similar to concentrations in native SF and 

~10-30-fold greater than concentrations with larger pore size membranes (3 μm). For 

both pore size membranes, HA and PRG4 concentrations in BF were orders of 

magnitude greater than that of nutrient fluid (NF) present on the opposite side of the 

semi-permeable membrane. Additionally, the MW of HA retained in BF by the 50 nm 

membrane was higher than the MW of HA lost into NF. The lubricant concentration in 

BF was strongly correlated to its lubricating ability, with BF from 50 nm membranes 

having a friction-lowering function that was greater than that of 3 μm membranes, and 

approached that of native SF. Application of the theoretical model developed in 

Chapter 2 provided predictions of HA and PRG4 concentrations in BF that were 

similar to those observed experimentally, with the predicted kinetics being distinct for 

the different pore size membranes and MW forms of HA. 
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In summary, biomimetic theoretical and experimental models of the synovial 

joint were developed, and the results obtained using these models have contributed to 

an understanding of key factors that dictate SF lubricant concentration, and ultimately 

function namely (1) cytokine-regulated lubricant secretion rates and (2) pore-size 

modulated lubricant retention by semi-permeable membranes. 

 

6.2 Discussion 

Major contributions of the current work include: (1) development of a 

mathematical model for describing dynamic and steady-state concentrations of 

lubricant molecules in native and bioengineered joints and also SF bioreactors of 

different geometry and with different chemical environments; (2) demonstration of the 

ability to modulate HA and PRG4 lubricant secretion rates and structure over a range 

of magnitudes by application of individual and combinations of cytokines present in 

SF; (3) demonstration of the ability to modulate retention of these lubricant molecules 

in a fluid volume by altering the pore size of a semi-permeable membrane; and (4) 

development of a novel bioreactor system with biomimetic features of the synovial 

joint for generating a bioengineered SF in which the lubricant composition and 

function can be modulated by altering membrane pore size and the cytokine regulatory 

environment. Clinical implications of this work include (1) the potential utility of a 

lubricious bioengineered fluid as a viscosupplement to help restore deficient SF, and 

(2) the utility of a SF bioreactor system in examining the effects of different arthritis-

related pharmaceuticals on composition and function of bioengineered SF.  

The theoretical model developed in this study included several assumptions 

that allowed for a straightforward analysis that could be expanded upon. For example, 
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the model could be extended by including additional environmental factors, such as 

mechanical stimuli, and allowing a number of parameters to change with the 

environment and time, such as synovium permeability. Some parameters in the model 

are also described in bulk and spatially averaged terms rather than on multiple scale 

levels. Additionally, physical and chemical interactions of lubricants with their 

environment were not considered in the model, and may affect the free concentration 

of lubricants in SF.  

The synergistic effects of cytokines applied in combination on synoviocyte HA 

secretion would likely lead to dramatic increases in the total HA content in SF, with 

effects on concentration that are dependent on fluid volume. For example, in injured 

or diseased joints, the HA concentration is often decreased, but the SF volume is more 

substantially increased, resulting in a net increase in total lubricant content [2-5, 15, 

20]. Synergistic effects were most common in cytokine combinations including TNF-

α, supporting the observation that TNF-α inhibitors used in the treatment of arthritis 

have demonstrated higher success than other cytokine inhibitors likely due to TNF-α’s 

potent interaction with a number of SF cytokines [6, 11]. The observed cytokine 

regulation of HA MW secreted by synoviocytes may also affect the total HA content 

in SF, as an altered structure would likely affect the rate that HA permeates the 

synovium and is lost from SF. Such regulation of HA MW may involve a combination 

of synthesis, stabilization, or degradation processes and may have marked effects on 

the lubricating function of SF. Further studies are needed to elucidate the mechanisms 

by which cytokines regulate lubricant secretion rates and structure. 

Varying degrees of SF lubricant retention have been observed in vivo, perhaps 

due to the observations made here that retention is dependent on membrane pore size 

and lubricant MW. For example, decreases in the concentration and half-life of HA 
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have been reported in arthritic joints compared to normal joints [3, 4, 9, 10, 14, 17, 

22]. This may be related to a decreased retention by the synovium due to alterations in 

tissue structure, as studies have demonstrated that digestion of selected matrix 

components of the synovium results in increased permeability [7, 25]. It could also be 

related to changes in the synovium cellularity, as it was shown here that an adherent 

cell layer played a role in lubricant retention. Decreases in HA concentration and half-

life may also be related to decreased HA MW. In vivo studies that infused HA of 

different MWs into the synovial joint cavity of rabbit models demonstrated that with 

HA of lower MW (~140 kDa, ~500 kDa) there was less reflection by the synovium 

and accumulation in the cavity than with HA of higher MW (~2200 kDa) [8, 21].  

The ability to modulate the composition and function of bioengineered SF 

through cytokine-regulation of lubricant secretion and membrane pore-size-regulated 

lubricant retention may allow fluid properties to be precisely controlled. Engineered 

lubricant solutions have been developed for intra-articular injection into injured or 

diseased joints in which SF may be deficient, such as formulations of HA with various 

concentrations and MW used clinically [18, 27], and more recently, a PRG4 protein 

construct being used in animal models [13]. However, a biomimetically bioengineered 

SF with both HA and PRG4 components is a novel development and may have similar 

applications in viscosupplementation. The correlation between composition and 

function of bioengineered SF and the dose-dependent effects on reducing friction 

found here are consistent with other studies examining the lubricating function of SF 

and purified preparations of HA and PRG4 [23, 24]. SF from injured or diseased joints 

has similarly shown a relationship between composition and function, as fluid with 

decreased lubricant concentration has a decreased lubricating ability [1, 12, 26].  
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The findings of this work have implications for the development of improved 

arthritis therapies specifically targeted at restoration of failed joint lubrication. For 

example, a bioengineered lubricous fluid that includes both HA and PRG4 lubricant 

components may have application as a novel viscosupplement. A bioreactor system 

for creating such a fluid may enable analysis of the effects of different arthritis-related 

pharmaceuticals on lubricant regulation. Introduction of a synoviocyte-laden material 

generated in bioreactors may be introduced to the joint as a method for sustainable 

long-term delivery of lubricant molecules into deficient SF, as would the implantation 

of whole tissue engineered joints for complete biological arthroplasty. An appropriate 

lubricating environment may be critical during the growth and development of such 

tissue engineered joints in bioreactors [19], to maintain the low-friction, low-wear 

properties of articulating cartilage surfaces with imposed mechanical stimulation and 

joint-like motion. 

Taken together, the results of this dissertation work have contributed to an 

understanding of the relationships between alterations in SF lubricant concentration, 

SF cytokine concentration, and synovium permeability to lubricants, and associated 

implications of these changes on the function of SF. The findings reported here are 

consistent with the overall hypothesis that recapitulation of the biophysical features of 

the synovial joint in a biomimetic bioreactor system would allow the generation of a 

bioengineered SF, and that the lubricant composition and function of this fluid is 

highly dependent upon the rate of synthesis and the rate of loss of lubricants. 

Cytokine-regulated lubricant secretion rates and lubricant retention by the semi-

permeable synovium are likely key regulators of in vivo SF lubricant composition and 

function. 
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6.3 Future Work 

The current work can be expanded in the future in a number of ways, from 

extension of the mathematical model to include additional features of the in vivo 

synovial joint, to investigation of additional lubricant-regulating cytokines and 

additional semi-permeable membrane materials, to analysis of the effects of arthritis-

related pharmaceuticals on bioengineered SF composition and function, and ultimately 

to the scaling the biomimetic features of current tissue-scale bioreactor to the whole 

joint level. 

Although the mathematical model incorporated many biophysical features of 

the synovial joint and allowed the chemical environment to alter lubricant secretion 

rate parameters, it could be extended by including additional environmental factors, 

such as mechanical stimuli, and by allowing a number of parameters to change with 

the environment and time, such as synovium permeability and SF volume. Extension 

of the model in these directions, along with additional analysis of SF lubricant 

dynamics in various physiological and pathophysiological conditions, would further 

contribute to an understanding of in vivo lubricant regulation. 

Given the marked regulatory effects of individual and combinations of 

cytokines on synoviocyte lubricant secretion, it would be interesting to investigate the 

effects of additional SF cytokines and the signaling mechanisms behind cytokine 

regulation. Those utilized in the current work, IL-1β, IL-17, IL-32, TGF-β1, and TNF-

α, are primarily secreted by macrophage and T cells present in the synovial joint, but 

synoviocytes themselves secrete a number of cytokines, such as IL-6 and IL-8, that are 

often present at elevated levels in disease and injury and implicated in arthritis 

pathogenesis. In addition to investigating other cytokines, analysis of the mechanisms 

behind cytokine regulation of lubricant secretion could also be studied, through the 



193 

 

 

use of specific inhibitors and siRNA of associated intracellular signaling molecules of 

these cytokines, such as various MAP kinases, NF-κB, Smads, etc. As SF contains a 

complex milieu of chemical factors, continued examination of the effects of cytokines 

on lubricant secretion and the mechanisms of action will contribute to the knowledge 

of potential in vivo regulation and development of therapies targeted at regulating 

lubricant secretion. 

While the ability of semi-permeable membranes to retain individual lubricant 

molecules was assessed in the current studies, it would be interesting to study 

retention with HA and PRG4 applied in combination, either by mixing purified 

preparations, or through the use of native SF. Such a study may reveal additive and/or 

synergistic interactions between the molecules that affect retention by the membranes. 

Considering the potential for HA and PRG4 to physically interact [16], a decreased 

loss across membranes may be observed compared to the loss with purified lubricant 

solutions. Additionally, other types of membranes could be investigated for their 

ability to retain lubricant molecules, including bioactive materials. Although they may 

have changing properties over extended culture durations due to degradation and 

remodeling processes, biological materials may offer more promise with therapeutic 

potential due to their ability to eventually be resorbed with remodeling in vivo. 

As generation of bioengineered fluid in the bioreactor system was performed 

in just a few different cytokine environments, other individual and combinations of 

cytokines could also be examined to likely demonstrate the dependence of 

composition and function of fluid on these chemical factors. To investigate the 

dynamics of lubricant concentration, fluid could be analyzed at various time points 

through the use of multiple bioreactors or a method for continuous sampling of fluid, 

and the observations compared to those theoretically predicted. Additionally, analysis 
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of the effects of arthritis-related pharmaceuticals on composition and function of 

bioengineered SF could be performed to provide insight into their effects on in vivo 

SF lubricant regulation. As the action of these commonly prescribed therapeutics are 

targeted at inhibition of the activity of certain cytokines, it is likely that they would 

affect lubricant secretion rates by cells in the joint, and ultimately lubricant 

concentration. 

Finally, the novel biomimetic bioreactor system developed here represents a 

step toward the ultimate goal of tissue engineering an implantable biological joint 

replacement to take the place of traditional metal and plastic artificial joints. By 

applying the biomimetic feature of a lubricant-retaining membrane with adherent 

synoviocytes to an existing joint-scale bioreactor developed in our laboratory [19] for 

culturing whole joints with applied joint-like motion, a lubricous bioengineered fluid 

may be generated to achieve and maintain low-friction, low-wear properties of tissue 

engineered joints. 
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APPENDIX A: 

MICROENVIRONMENT REGULATION OF PRG4 

PHENOTYPE OF CHONDROCYTES 

A.1 Abstract 

Articular cartilage is a heterogeneous tissue with superficial (S), middle (M), 

and deep (D) zones. Chondrocytes in the S zone secrete the lubricating PRG4 protein, 

while chondrocytes from the M and D zones are more specialized in producing large 

amounts of the glycosaminoglycan (GAG) component of the extracellular matrix.  

Soluble and insoluble chemicals and mechanical stimuli regulate cartilage 

development, growth, and homeostasis; however, the mechanisms of regulation 

responsible for the distinct PRG4-positive and negative phenotypes of chondrocytes 

are unknown. The objective of this study was to determine if interaction between S 

and M chondrocytes regulates chondrocyte phenotype, as determined by co-culture in 

monolayer at different ratios of S:M (100:0, 75:25, 50:50, 25:75, 0:100) and at 

different densities (240,000, 120,000, 60,000, and 30,000 cells/cm2), and by 

measurement of PRG4 secretion and expression, and GAG accumulation. Co-culture 

of S and M cells resulted in significant upregulation in PRG4 secretion and the 

percentage of cells expressing PRG4, with simultaneous downregulation of GAG 

accumulation. Tracking M cells with PKH67 dye in co-culture revealed that they 
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maintained a PRG4-negative phenotype, and proliferated less than S cells. Taken 

together, these results indicate that the upregulated PRG4 expression in co-culture is a 

result of preferential proliferation of PRG4-expressing S cells. This finding may have 

practical implications for generating a large number of phenotypically normal S cells, 

which can be limited in source, for tissue engineering applications. 
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A.2 Introduction 

Articular cartilage is the low-friction, wear-resistant, load-bearing tissue at the 

ends of long bones in skeletal joints [34].  The tissue is typically classified into 3 

zones, superficial (S), middle (M), and deep (D), resulting from depth-associated 

variation in cell and extracellular matrix properties [16].  In the superficial zone of 

mature articular cartilage (0-10% depth from articular surface), cell density is 

relatively high and cells are arranged in clusters parallel to the surface. Cell density is 

lower in the middle zone (10-40%), and there, cells appear more rounded and 

randomly dispersed. In the deep zone (40-100%), cells are present at an even lower 

density and have a columnar organization [14].  Chondrocytes in the S zone secrete 

superficial zone protein [33], a glycoprotein encoded by the Prg4 gene [15] and 

postulated to be a lubricant adsorbed to the articular surface in synovial joints that is 

important in maintaining the health of the cartilage and joint [17].  Chondrocytes from 

the M and D zones of articular cartilage secrete very little PRG4, but produce the 

glycosaminoglycan (GAG) component of the extracellular matrix at a relatively high 

rate [1]. The zonal structure of articular cartilage and the associated zone-specific 

expression by chondrocytes of molecules with specific functions are features of 

articular cartilage that are regulated through unknown mechanisms. 

Microenvironmental factors, broadly classified as soluble or insoluble 

chemicals, and mechanical stimuli, regulate cartilage development, growth, and 

homeostasis, and may be responsible for the distinct PRG4-positive and negative 

phenotypes. Soluble chemical signals may arise externally and enter from the articular 

surface [24] and, for small molecules, through the subchondral bone [10]. They may 

also arise internally, by autocrine or paracrine secretion from chondrocytes, and from 



201 

 

 

binding sites that form storage depots in the extracellular matrix [9, 28, 35]. These 

soluble signals can form gradients due to diffusive transport, binding in the matrix, or 

uptake by cells within the tissue [5, 23]. Cell density can greatly affect the local 

concentration of secreted soluble factors and, thus, chemical signaling. Other 

microenvironmental factors include insoluble chemical signals, such as extracellular 

matrix that is engaged by cell surface receptors [4, 21], and mechanical stimuli such as 

compressive and shear stress [11, 12, 38].  

Autocrine or paracrine secretion of chemical signals by cells, at various 

densities in the different zones of articular cartilage, may be responsible for the 

different cell phenotypes in the native tissue. However, it is difficult to observe the 

regulatory effects of these signals in cartilage tissue without the interference of other 

microenvironmental factors. Short-term monolayer co-culture systems can be used to 

study interactions between S and M subpopulations with minimal mechanical stimuli 

and extracellular matrix, and little variation in external nutrients. If autocrine or 

paracrine chemical signals do regulate chondrocyte PRG4 phenotype, then the local 

concentration of these secreted regulators would be expected to be modulated by the 

proportion of S and M cells, and by cell density.  

Thus, the objective of this study was to determine if culturing S and M 

chondrocytes in monolayer in different ratios of S:M (100:0, 75:25, 50:50, 25:75, 

0:100) and at different densities (240,000, 120,000, 60,000, and 30,000 cells/cm2) 

regulates chondrocyte phenotype, as measured by PRG4 secretion and expression, and 

GAG accumulation. The two highest densities were chosen to be analogous to the cell 

density in a one cell diameter-thick section of the superficial and middle zones of 

bovine calf cartilage, respectively, while the two lowest densities were chosen to 

allow lower local concentrations of soluble signal. 
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A.3 Methods and Materials 

Chondrocyte Isolation and Culture 

Chondrocytes from the S and M layers of bovine articular cartilage were 

obtained, seeded in varying proportions and at varying cell densities, and incubated 

for 10 days. Briefly, 9 mm diameter osteochondral cores were harvested from the 

patellofemoral groove of a total of four 1-3 week old bovine animals under sterile 

conditions using the Osteochondral Autograft Transfer System (Arthrex, Naples, FL). 

Cores were then sectioned with a microtome (Microm, Waldorf, Germany) in 0.2 mm 

slices to obtain superficial (S, <0.2 mm depth) and middle (M, 0.6-1.2 mm) layers 

(Figure A.1A), from which S and M chondrocyte subpopulations were isolated by 

sequential digestion with pronase and collagenase [27].  



203 

 

 

 
 

 

Figure A.1: Schematic of (A) cell isolation and (B) experimental conditions. (A) 
Superficial cell populations (S) were obtained from the top 0.2 mm of bovine calf 
articular cartilage, and middle cell populations (M) from a tissue depth of 0.6-1.2 mm. 
(B) Cells were cultured in S:M ratios of 0:100, 25:75, 50:50, 75:25, and 100:0, and at 
total cell densities of 240,000, 120,000, 60,000, and 30,000 cells/cm2. 
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In one set of experiments, chondrocytes were washed and resuspended in 

DMEM with additives (25 µg/ml ascorbic acid, 100 U/ml penicillin, 100 µg/ml 

streptomycin, 0.25 µg/ml Fungizone, 0.1 mM MEM non-essential amino acids, 10 

mM HEPES, 0.4 mM L-proline, 2 mM L-glutamine) supplemented with 10% fetal 

bovine serum. Isolated chondrocytes were plated at densities of 240,000 cells/cm2, 

120,000 cells/cm2, 60,000 cells/cm2, and 30,000 cells/cm2 in S:M ratios of 100:0, 

75:25, 50:50, 25:75, and 0:100 (Figure A.1B). The cells were incubated at 37°C in an 

atmosphere of 5% CO2 for 10 days. Medium was changed on days 1, 4, 7, and 10 (1 

ml/(106 initial cells•day)), collected, and frozen until further analysis.  

 In a separate experiment, M cells were labeled with 4 µM PKH67 cell 

tracking dye (Sigma, St. Louis, MO) to track and identify this subpopulation of cells. 

Immediately after chondrocyte isolation, M cells were incubated with 4 µM PKH67 

for 5 min, then incubated with heat-inactivated serum for 1 min, and finally rinsed 3 

times in complete medium, according to the manufacturer’s protocol. Then, both S 

and M cells were cultured in S:M ratios of 100:0, 25:75, and 0:100 at a density of 

60,000 cells/cm2. Immunolocalization for PRG4 was performed on day 10 to measure 

M cell PRG4 expression, as described below.  

 

Biochemical Analysis 

Cell layers were harvested, solubilized with proteinase K, and analyzed for 

DNA using PicoGreen® (Molecular Probes, Eugene, OR) [25], or Hoechst 33258 [18] 

for PKH67 labeled cultures, on days 1 and 10 to determine proliferation. This 

solubilized cell layer and portions of media from days 1, 4, 7, and 10 were also 

analyzed for GAG accumulation and secretion using a dimethylmethylene blue 

(DMMB) assay [7]. 
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PRG4 Analysis 

PRG4 secretion and expression by cultured chondrocytes were quantified by 

enzyme-linked immunosorbent assay (ELISA) of spent media, and by flow cytometry 

and immunocytochemistry analysis of cell layers, respectively. ELISA for PRG4 was 

performed on portions of media from days 1, 4, 7, and 10 using the monoclonal 

antibody (mAb) 3-A-4, as described previously [20, 32]. Flow cytometry analysis was 

used to assess the percentage of cells expressing PRG4 on day 10, as previously 

described [19], after 16 h treatment with 0.1 µM monensin in medium to prevent 

secretion of PRG4 from the Golgi apparatus, and with an additional step of 1 hr 

0.025% collagenase P incubation after the pronase treatment to obtain single cell 

suspensions. Immunocytochemistry analysis was performed on day 10 after cell 

cultures were treated for 16 h with 0.1 µM monensin and fixed in 100% methanol. 

Cells were probed for PRG4 using the Vectastain ABC Elite Kit (Vector, Burlingame, 

CA), employing mAb 3-A-4 or mouse IgG as a negative control. Cells were 

counterstained with Methyl Green for 5 min at room temperature. Positive reactivity 

with PRG4 was documented by photomicroscopy using brightfield illumination. 

Positive cells were identified manually and counted using NIH Image J software, and 

the percentage of PRG4 positive cells identified by immunocytochemistry and flow 

cytometry were correlated. Alternately, for cultures in which M cells were labeled 

with PKH67, PRG4 immunolocalization was performed using mAb 3-A-4 and R-

phycoerythrin-conjugated secondary antibody at a concentration of 3 µg/ml 

(Molecular Probes, Eugene, OR). Cell nuclei were counterstained with Hoechst 

33258, and fluorescent microscopy was used to document both the presence of PKH67 

and positive reactivity with PRG4.  
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Statistical Analysis 

Data are expressed as mean ± SEM.  Two factor ANOVAs (α=0.05) were used 

to determine the effects of two factors, percentage of S cells initially seeded and initial 

cell density, on a number of variables: 1) overall proliferation (d10/d1 DNA), 2) GAG 

accumulation and secretion, and 3) PRG4 secretion and expression. Planned 

comparisons were then conducted to determine if, for each density, these same 

variables at co-culture conditions of 25, 50, and 75% S cells were linearly 

intermediate to the data from 0 and 100% S cells. For each cell density, data were 

normalized to their maximum value before comparison.  Planned comparisons were 

also performed to determine if PRG4 expression levels of 0 and 100% S cells after 

culture duration were significantly altered from day 1 values. Linear regression 

analysis was performed to confirm correlation between PRG4 expression levels by 

flow cytometry and immunocytochemistry methods. Statistical analysis was 

implemented with Systat 10.2 (Systat Software, Richmond, CA) and Excel (Microsoft, 

Redmond, WA).  

 

A.4 Results 

Cell Proliferation 

The fold increase in DNA, or degree of proliferation from day 1 to day 10 

during culture, was affected by the initial cell plating density (p<0.01, Figure A.2A) 

and by the percentage of S cells within each density (p<0.001). Proliferation decreased 

slightly from 3.51 ± 0.31 fold at 240,000 cells/cm2, to 2.90 ± 0.25 fold at 30,000 

cells/cm2, and also decreased slightly as the percentage of S cells increased, from 3.54 

± 0.39 fold at 0% S to 2.66 ± 0.20 fold at 100% S.  
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Figure A.2: The effect of co-culture on (A) cell proliferation as measured by the ratio 
of DNA content of cell layers on day 10 to day 1, (B) GAG accumulation and 
secretion over 10 days in culture, (C) PRG4 secretion into media over days 7-10 of 
culture, and (D) PRG4 expression on day 10. For each density (240,000, 120,000, 
60,000, and 30,000 cells/cm2), gradients represent the % S cells initially seeded (0, 25, 
50, 75, and 100% S). Dotted lines linearly relate 25, 50, and 75% S co-culture 
conditions to 0 and 100% S populations.  In (B), the lower bars represent GAG 
accumulation in the cell layer, while the upper bars represent the GAG secreted into 
the media over 10 days. In (D), horizontal gray bars represent PRG4 expression of S 
and M populations isolated on day 1, while stars near unfilled down-arrows indicate 
significant downregulation in expression of pure S and M cell populations from these 
day 1 values. For all graphs, stars near up-arrows indicate significant upregulation 
from linearly intermediate values, while stars near down-arrows indicate significant 
downregulation (*p<0.05, **p<0.01, ***p<0.001) (n=4). 
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GAG Synthesis 

Both GAG accumulation in the cell layer and GAG secreted into the medium 

were significantly affected by cell density (p<0.001, Figure A.2B), whereas only 

GAG accumulation in the cell layer was affected by the percentage of S cells 

(p<0.001). Total accumulated plus secreted GAG increased from 121 ± 10 pg/cell at 

240,000 cells/cm2 to 167 ± 7 pg/cell at 30,000 cells/cm2, while GAG accumulation 

decreased with higher percentage of S cells, from 59 ± 7 pg/cell at 0% S to 19 ± 2 

pg/cell at 100% S. Linear interpolation between the 0% S data points and the 100% S 

data points at each density revealed that several conditions of co-culture resulted in 

significant downregulation of GAG accumulation in the cell layer from linearly 

intermediate values.  

 

PRG4 Regulation 

PRG4 secretion into the media during days 7-10 of co-culture was affected by 

percentage of S cells (p<0.001, Figure A.2C) and cell density (p<0.001). Secretion 

increased from 0.14 ± 0.02 pg/(cell•day) at 0% S cells to 5.48 ± 0.52 pg/(cell•day) at 

100% S cells, and overall levels were slightly higher at the intermediate densities. 

Linear interpolation between the 0% S data points and the 100% S data points at each 

density revealed the effect of co-culture. PRG4 expression under conditions of 50% S 

and 75% S at 120,000 cells/cm2 were significantly greater than linearly intermediate 

values (p<0.05, p<0.01, respectively), indicating that an interaction between cell 

populations exists, resulting in upregulation of PRG4 secretion.  

The percentage of cells expressing PRG4, as determined on day 10 by flow 

cytometry, was affected by percentage of S cells (p<0.001, Figure A.2D) and cell 

density (p<0.01), with an interaction effect (p<0.05). PRG4 expression increased with 
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increasing percentage of S cells, from 4 ± 1% positive at 0% S cells to 46 ± 4% 

positive at 100% S cells, and also increased with lower density. The S cell population 

isolated on day 1 had an average expression level of 50 ± 4%, while M cells were only 

4 ± 2% PRG4-positive. Linear interpolation between the 0% S data points and the 

100% S data points revealed a significant upregulation in expression at many of the 

co-culture conditions. Downregulation in PRG4 expression was observed in the 100% 

S condition at the highest density, decreasing ~13% from its initial day 1 expression 

level (p<0.05).   

Immunocytochemistry analysis confirmed the upregulation observed in flow 

cytometry analysis (Figure A.3), with a correlation of r2 = 0.86, p<0.001. PRG4 

expression patterns in 25% S, 50% S, and 75% S co-culture conditions were high 

relative to 100% S conditions, while 0% S samples showed little or no PRG4 

expression. Differences in the degree of cell-cell and cell-matrix proximity are also 

illustrated at the different seeding densities.  

In the separate experiment to identify the source of PRG4-expressing cells in 

co-culture, immunocytochemistry analysis of PKH67 labeled M cells on day 10 

showed that M cells retained the PKH67 label and maintained a PRG4-negative 

phenotype (Figure A.4). PKH67 was initially taken up by 96% of M cells, as assessed 

by flow cytometry immediately after labeling, and was retained by 91% of M cells 

after 10 days of culture (Table 1). In 25% S co-culture conditions, <2% of cells were 

double-labeled with both PKH67 and mAb 3-A-4/R-phycoerythrin for PRG4 (Figure 

A.4B). However, upregulated PRG4 expression was still observed, as levels were 

~50% rather than 25% of the 100% S condition (Table A.1). The percentage of M 

cells (% PKH+) in co-culture decreased from 75% to ~50%, (i.e. the percentage of S 

cells increased from 25% to ~50%). Thus, both percentage of S cells and percentage 
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of cells expressing PRG4 increased proportionally in co-culture. PKH67 had no 

marked effects on proliferation, GAG synthesis, or PRG4 secretion of cells.  
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Figure A.3: The effect of co-culture on PRG4 expression, determined by 
immunolocalization with mAb 3-A-4 in cell layers on day 10. 240,000 cells/cm2 (A-
F), 120,000 cells/cm2 (G-L), 60,000 cells/cm2 (M-R), and 30,000 cells/cm2 (S-X) 
densities show PRG4 expression in 25% S (D,J,P,V), 50% S (C,I,O,U), and 75% S 
(B,H,N,T) conditions that were high relative to 100% S (A,G,M,S). Conditions of 0% 
S (E,K,Q,W) are comparable to IgG isotype matched controls (F,L,R,X). 
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Figure A.4: Identification on day 10 of the source of PRG4-expressing cells. For M 
cells labeled with 4 µM PKH67, immunolocalization of PRG4 with mAb 3-A-4 
(A,B,C) or isotype-matched IgG controls (D,E,F), and R-phycoerythrin-conjugated 
secondary antibody. PKH67 labeled cells appear green, PRG4-positive cells appear 
red, and cell nuclei appear blue with Hoescht 33258 counterstain. 
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Figure A.5: The various cell fate responses that may account for the observed 
upregulation of PRG4 expression. It is likely that preferential proliferation of S cells is 
responsible, rather than a phenotype change of M or S cells. Black circles represent S 
cells, white circles represent M cells, and plus signs indicate PRG4 expression. 
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Table A.1: Percentage of cells expressing PRG4 and containing PKH67 cell tracker 
dye, as determined from fluorescent images of 100% S, 25% S, and 0% S culture 
conditions in which M cells were PKH67 labeled. Each value represents a percentage 
value from ~1,300-3,800 cells. 
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A.5 Discussion 

This study examined the regulatory effects of interaction between S and M 

chondrocytes on PRG4 phenotype. The concentration of hypothesized secreted 

regulators was modulated by adjusting the ratio of S to M cells initially seeded in 

monolayer, and by controlling cell density. Co-culture resulted in significant 

upregulation in PRG4 secretion and expression (Figure A.2C,D), with simultaneous 

downregulation in GAG accumulation (Figure A.2B). Thus, the data are consistent 

with the idea that chemical signals present in this co-culture system regulate 

chondrocytes.  

Monolayer culture provides a model environment with several advantages and 

disadvantages for analyzing in vitro cell behavior. It allows soluble chemical signaling 

to be studied with minimal interference by gradients in external nutrients that are 

present in 3-D culture systems, but it does not eliminate the influence of insoluble 

chemical signals in the matrix that can bind soluble factors and affect the extent of 

signaling. The accumulation of an extracellular matrix, however, is not instantaneous 

in monolayer, and with short-term culture is not as extensive as in native tissue. The 2-

D nature of monolayer culture can sometimes result in dedifferentiation of cells and 

the subsequent loss of cell phenotype, but native phenotypes of some cells can be 

maintained in this environment [29, 37]. Specifically, the PRG4 phenotypes of S and 

M chondrocyte subpopulations have proven to be stable in monolayer culture [32]. In 

this study, PRG4 expression in 100% S conditions was generally maintained at ~50% 

positive, while expression in 0% S conditions was maintained at ~0%. Thus, 

monolayer culture was useful for examining the effects of chemical signaling between 

S and M chondrocytes on cell phenotype. 
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The different cell subpopulations of cartilage can be distinguished by their 

PRG4 phenotype, but also by other parameters. For example, M cells preferentially 

secrete Cartilage Intermediate Layer Protein (CILP) [22] into the surrounding matrix. 

This study, however, focused on regulation of PRG4 phenotype due to its role in 

boundary lubrication of cartilage [17] and the frequency with which the S layer of 

cartilage that produces this protein is damaged with aging and osteoarthritis [2]. The 

spectrum of proteoglycans synthesized in this study could also be studied further. An 

additional focus of this study was on the interaction of S and M cells, but interactions 

between S and D or M and D cells could be a subject of future investigations, 

especially in systems with mature articular cartilage in which these zones are evident 

as classically defined. Further, both chemical [31] and mechanical stimuli [30] of 

cartilage explants can affect the PRG4 phenotype of cells in the S and upper M zone, 

but not D zone, and it is possible that this is facilitated by cellular interactions. 

In the present study, various cell fate responses may have accounted for the 

observed regulation in chondrocyte phenotype (Figure A.5).  The upregulation in 

PRG4 expression that occurred in co-culture may be a result of either a PRG4 

phenotype switch or preferential proliferation of PRG4-expressing cells.  For example, 

in 25% S conditions, initial PRG4 expression levels were ~13% and increased to 

~26% by day 10 of co-culture. This upregulation in PRG4 expression occurred 

simultaneously with significant downregulation of GAG synthesis.  

As cells of the M layer are more specialized in secreting GAG components of 

the extracellular matrix than S cells, there existed the possibility that M cells could be 

induced to switch from a PRG4-negative phenotype to a PRG4-positive phenotype. 

However, M cells labeled with a cell tracking dye to monitor PRG4 expression and 

co-cultured with S cells did not show increased PRG4 expression by day 10 (Figure 
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A.4), suggesting that this was unlikely. These results are not likely attributable to a 

lack of PKH67 labeling by M cells. In the 0% S condition, only 9% of M cells were 

not labeled, which translates into 7% of total cells in the 25% S: 75% M co-culture. 

Upregulation due to PRG4 expressing M cells with lack of PKH67 labeling would 

require all of these unlabeled M cells to express PRG4; however, this would also 

suggest that a much higher percentage of M cells with the PKH67 label would also 

express PRG4, rather than the 2% that was observed. The cell tracking experiment 

also revealed that after 10 days of co-culture, the percentage of S cells increased 2-

fold along with the 2-fold increase in overall PRG4 expression of the co-culture 

(Table A.1). Thus, the PRG4 expression in the S cell population was maintained at its 

~50% initial day 1 level, which suggests that the induction of the PRG4 phenotype on 

S cells with no initial expression is also unlikely.  

Preferential proliferation of S cells in co-culture likely accounts for both the 

observed upregulation in PRG4 secretion and expression, and also the observed 

downregulation in GAG accumulation, as individual cultures of S cells accumulate 

significantly less GAG in the cell layer than M cells (Figure A.2B). The potential for 

S cells to proliferate rapidly under the appropriate microenvironmental cues would 

support studies in which the S zone of articular cartilage has been postulated to be the 

source of progenitor cells that provide transit amplifying progeny for appositional 

growth of cartilage [6, 13].  

The PRG4 expression data by both flow cytometry and immunocytochemistry 

can be compared to the secretion data to obtain secretion rates for the PRG4 

expressing cells. The trends in expression and secretion data (Figure A.2C,D) suggest 

that there may be different secretion rates for cells at different densities, and 

subsequently there may be variations in staining intensity of the cells. Variations in 
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staining intensity were not evident in the immunocytochemistry data, but were 

detected in the more sensitive flow cytometry analysis by small horizontal shifts in the 

mean fluorescence intensity of the PRG4-positive histograms.  

Soluble chemical interactions between cells are important throughout the 

development of articular cartilage. For example, parathyroid hormone-related protein 

(PTHrP) controls the rate at which growth plate chondrocytes differentiate [36], while 

FGF signaling is involved in regulation of chondrocyte proliferation [26]. In the co-

culture system of this experiment, it is possible that M cells are secreting a soluble 

chemical responsible for the selective proliferation of S cells. Further, the highest 

amounts of upregulation in PRG4 expression, or the highest amounts of preferential S 

cell proliferation, were observed in the 25% S co-culture conditions, in which the 

highest concentration of M cells and their secreted soluble chemicals were present.  

No PRG4 phenotype change occurred in S or M cells in co-culture. Thus, it 

remains to be determined if autocrine or paracrine chemical signals are responsible for 

maintenance of the PRG4 phenotype. The PRG4 phenotype of chondrocytes in 

cartilage explants, in terms of PRG4 secretion and number of immuno-positive cells, 

is positively regulated and maintained by addition of TGF-β1, and negatively 

regulated by IL-1 [31]. Autocrine production of such chemicals by S cells may be 

responsible for the observed maintenance of PRG4 expression in 100% S conditions; 

alternatively, soluble factors present in the serum may have maintained the phenotype. 

Different cell surface receptor profiles [8] for chemical signals in chondrocytes from S 

and M zones could explain why one subpopulation would selectively respond to such 

a regulatory signal, and another would not.  

Mechanical stimuli, which were absent in this study but exist in native 

cartilage tissue, can greatly affect the extent of chemical signaling by inducing the 
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release of matrix-bound soluble signals [35], augmenting convective transport of 

soluble signals, or altering cell-matrix interactions. It has been observed that cartilage 

tissue explants exposed to dynamic shear upregulate their PRG4 secretion and 

expression [30]. This upregulation may occur by affecting the secretion or transport of 

paracrine PRG4 regulators or regulatory signals present in the synovial fluid 

environment of joints.  

Modulation of chondrocyte PRG4 secretion and expression may govern the 

successful fabrication of tissue-engineered cartilaginous constructs with appropriate 

zonal functions. The source of cells that express PRG4 for fabrication of such 

constructs may be limited and difficult to isolate, while passaging chondrocytes to 

obtain sufficient cell numbers results in decreased PRG4 mRNA [3]. This study 

revealed that the number of PRG4 expressing S cells can be increased in monolayer 

co-culture with M cells and the PRG4 secretion rate may be modulated by seeding 

density, both of which may have useful applications in cartilage tissue engineering.  
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