
UC San Diego
UC San Diego Electronic Theses and Dissertations

Title
Effects of Injury on Synovial Fluid Hyaluronan Transport Across a Semi-Permeable 
Membrane /

Permalink
https://escholarship.org/uc/item/44r040vm

Author
Lin, Susanna Mei

Publication Date
2013
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/44r040vm
https://escholarship.org
http://www.cdlib.org/


 
 

UNIVERSITY OF CALIFORNIA, SAN DIEGO 
 
 
 
 

EFFECTS OF INJURY ON SYNOVIAL FLUID 

HYALURONAN TRANSPORT ACROSS 

A SEMI-PERMEABLE MEMBRANE 

 
A thesis submitted in partial satisfaction of the  

 
requirements for the degree Master of Science 

 
 

in 
 
 

Bioengineering 
 
 

by 
 
 

Susanna Mei Lin  
 
 
Committee in charge: 
 

Professor Robert L. Sah, Chair 
Professor Christian M. Metallo 
Professor Geert W. Schmid-Schönbein 

 
 
 
 
 

2013 



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
Copyright 

 
Susanna Mei Lin, 2013 

 
All rights reserved. 



 
 

iii 
 

 

 

 

 

 

The Thesis of Susanna Mei Lin is approved, and it is 

acceptable in quality and form for publication on 

microfilm and electronically: 
 

 

 

 Chair 

 

 

 

 

University of California, San Diego 

 

2013 



 
 

iv 
 

TABLE OF CONTENTS 

Signature Page ............................................................................................................. iii 
Table of Contents ......................................................................................................... iv 

List of Tables ............................................................................................................... vii 
Acknowledgments ...................................................................................................... viii 
Vita ................................................................................................................................ ix 

Abstract of the Thesis ................................................................................................... x 

Chapter 1: Introduction ............................................................................................... 1 

1.1 General Introduction to the Dissertation ........................................... 1 

1.2 Synovial Joint Structure .................................................................... 2 

1.2.1 Articular Cartilage ...................................................................... 3 

1.2.2 Synovial Membrane .................................................................... 4 

1.2.3 Synovial Fluid ............................................................................. 5 

1.2.4 Transport of Synovial Fluid Molecules Across Synovium ......... 7 

1.3 Arthritic Joint Pathology ................................................................. 12 

1.3.1 Synovial Membrane .................................................................. 13 

1.3.2 Synovial Fluid ........................................................................... 13 

1.3.3 Articular Cartilage .................................................................... 14 

1.4 Current Tools for Transport Studies ............................................... 15 

1.4.1.  Diffusion Chambers .................................................................. 15 

1.4.2. Current Apparatus Design ........................................................ 17 

1.5 References ....................................................................................... 20 

Chapter 2: Effects of Injury on Synovial Fluid Hyaluronan Transport Across a 
Semi-Permeable Membrane ...................................................................................... 28 

2.1 Abstract ........................................................................................... 28 

2.2 Introduction ..................................................................................... 29 



 
 

v 
 

2.3 Materials and Methods .................................................................... 32 

2.3.1 General Methods ....................................................................... 32 

2.3.2 Experimental Design ................................................................. 34 

2.3.3 Analytical Methods ................................................................... 35 

2.3.4 Engineering Analysis ................................................................ 37 

2.3.5 Statistical Analysis .................................................................... 38 

2.4 Results ............................................................................................. 44 

2.4.1 Experiment I: CS and HA Recovery and Concentration 
Gradients Following Diffusion Experiments ........................................ 44 

2.4.2 Experiment II: Effect of Injury on HA Diffusion Properties .... 49 

2.5 Discussion ....................................................................................... 65 

2.6 Acknowledgements ......................................................................... 70 

2.7 References ....................................................................................... 71 

Chapter 3: Conclusions .............................................................................................. 74 

Appendix A: Diffusion Apparatus Validation ......................................................... 77 

A.1 Diffusion Apparatus Validation ...................................................... 77 

Appendix B: Calculations .......................................................................................... 80 

B.1 Introduction ..................................................................................... 80 

B.2  Mass and Concentration .................................................................. 80 

B.3  Hyaluronan Molecular Weight Distribution ................................... 81 

B.4 Time Constant and Permeability Estimates .................................... 82 

B.5 Mass Remaining in Chamber A ...................................................... 83 

B.6 References ....................................................................................... 84  



 
 

vi 
 

LIST OF FIGURES 

Figure 1.1. Schematic view of a synovial joint. ............................................................. 9 

Figure 1.2. Cross section of the synovial membrane. ................................................... 10 

Figure 1.3. Chemical structures of hyaluronan and chondroitin sulfate. ...................... 11 

Figure 1.4. Cross section of diffusion wells. ................................................................ 19 

Figure 2.1. Cross section of the diffusion wells. .......................................................... 42 

Figure 2.2. Schematic of diffusion apparatus sampling. .............................................. 43 

Figure 2.3. Chondroitin sulfate (CS) content for solutions with CS supplementation at 

3.91 mg/mL. ......................................................................................................... 46 

Figure 2.4. Hyaluronan (HA) content for CS in PBE and CI+CS solutions. ............... 47 

Figure 2.5. HA content for synovial fluid (SF) from healthy joints (NL) and acutely 

injured joints (AI). ................................................................................................ 48 

Figure 2.6. HA remaining in Chamber A for CI+CS. .................................................. 56 

Figure 2.7. HA remaining in Chamber A for NL-hSF and AI-hSF. ............................ 57 

Figure 2.8. HA gels for NL-hSF. .................................................................................. 58 

Figure 2.9. HA gels for AI-hSF. ................................................................................... 59 

Figure 2.10. HA fraction (F) for AI-hSF and NL-hSF. ................................................ 60 

Figure 2.11. HA concentration (c) for AI-hSF and NL-hSF. ....................................... 61 

Figure 2.12. HA mass (m) for AI-hSF and NL-hSF. .................................................... 62 

Figure 2.13. Time constant vs. recovered HA concentration. ...................................... 63 

Figure 2.14. Time constant vs. recovered HA concentration in (a) 2.5-7, (b) 1-2.5, (c) 

0.5-1, and (d) 0.25-0.5 MDa ranges. .................................................................... 64 

 

  



 
 

vii 
 

LIST OF TABLES 

Table 2.1. Human synovial fluid (hSF) sample characteristics. ................................... 39 

Table 2.2. Summary of variables with descriptions. .................................................... 40 

Table 2.3. Constant parameters. ................................................................................... 41 

Table 2.4. Time constants (τ) and permeability (P) for CS and HA. ........................... 54 

Table 2.5. HA time constants and permeability by molecular weight for NL-hSF and 

AI-hSF. ................................................................................................................. 55 

 

  



 
 

viii 
 

ACKNOWLEDGMENTS 

 I would first like to acknowledge my peers for welcoming me into the 

Cartilage Tissue Engineering (CTE) lab and for creating such a positive lab 

environment. I would like to thank my thesis advisor Dr. Robert L. Sah for providing 

me with the tools, guidance, and direction to complete this thesis project. I would also 

like to thank my mentors Dr. Michele M. Temple-Wong and Dr. William J. McCarty 

who have guided me through the lab and provided me with valuable input on my 

project. I would like to thank Felix Hsu for his assistance with the DMMB assay.   

 I would like to acknowledge those that contributed to the diffusion apparatus 

used in Chapter 2 of this thesis. The preliminary prototype was developed in part by 

Kasmian Campa, Tanaya Deb, and Zhala Tawfiq. Van Wong was also involved in 

creating designs for the prototypes and was a great asset for brainstorming design 

concepts throughout the process. Jason Caffrey was a huge contributor to the 

development of the mixing element.  

 To my family, Kevin, and friends, I would not have made it this far without 

your loving support and encouragement.   



 
 

ix 
 

VITA 

 
2011 B.S., Engineering 
 Harvey Mudd College, Claremont, CA 
 
2011-2013 Graduate Student Researcher 
 Cartilage Tissue Engineering Laboratory 
 University of California, San Diego, La Jolla, CA 
   
2013 M.S., Bioengineering 
 University of California, San Diego, La Jolla, CA 
  



 
 

x 
 

ABSTRACT OF THE THESIS 

 

EFFECTS OF INJURY ON SYNOVIAL FLUID HYALURONAN TRANSPORT 
ACROSS A SEMI-PERMEABLE MEMBRANE 
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Professor Robert L. Sah, Chair 

 

Hyaluronan (HA) is a high molecular weight (MW) macromolecule that 

contributes to the viscoelastic and lubricating properties of synovial fluid (SF), 

lowering the wear and tear of articular cartilage. HA is secreted and concentrated by 

the synovium, which acts as a semi-permeable membrane involved in size-selective 

filtering and retention of SF macromolecules. Joint injury and arthropathies result in 

changes to SF composition, specifically HA MW and concentration. However, the 

effect of these changes in SF and HA on the transport of HA across the synovium are 

unclear. Thus, the objective of this study was to further the understanding of how 

injury affects HA transport across a semi-permeable membrane using a novel diffusion 

device. A custom diffusion apparatus was developed and validated to assess the 
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diffusion properties, in terms of time constants and membrane permeabilities, of HA 

in SF from normal (NL-hSF) and acutely injured (AI-hSF) joints across a 400 nm pore 

size membrane.  

 The measured permeabilities of polydisperse HA (0.05-7 MDa) in NL-hSF and 

AI-hSF did not differ for 400 nm pore size membranes. The NL-hSF and AI-hSF 

solutions had different HA MW distributions. Time constants also did not depend on 

initial HA concentration. Together, these results suggest that HA MW relative to 

synovium pore size may have a predominant role in the transport of HA across the 

synovium, independent of disease state.  
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CHAPTER 1: 

INTRODUCTION 

1.1 General Introduction to the Dissertation 

Synovial fluid (SF) is a viscous, non-Newtonian substance found in the cavity 

of synovial joints, such as the knee [2]. The SF contains lubricating macromolecules, 

including hyaluronan (HA) and proteoglycan-4 (PRG4), which are secreted, in part, 

and concentrated by the synovium. The synovium acts as a semi-permeable membrane 

and is responsible for gas-nutrient exchange in the joint cavity [46]. Following a joint 

injury and in disease states, such as osteoarthritis (OA) and inflammatory arthritides, 

alterations in SF composition, including the quantity and quality of its lubricant 

molecules, SF lubrication function, and the structure and permeability of the synovium 

occur [27, 44, 73]. While these changes have been investigated, the movement of these 

lubricants under normal and pathological conditions is unclear and has yet to be 

studied in an in vitro situation. Such an in vitro description of these transport 

properties may provide insight about the interactions of the synovial joint components 

under a variety of conditions.  

The overall motivation for this thesis was to further investigate the transport of 

key macromolecules found in SF from normal and acute injury human knee joints. 

The objectives of this project were to validate a custom-designed diffusion apparatus 

and to use this apparatus to determine differences in transport of SF HA from normal 
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and acutely injured joints. This thesis work presents a novel device for permeability 

studies and sought to contribute to the understanding of synovial joint physiology, 

specifically the changes in lubricant transport with injury. 

This chapter, Chapter 1, provides an overview of synovial joint physiology 

with a focus on normal and pathological SF. In Chapter 2, a novel method for 

measuring the time constants and permeability of semipermeable membranes to HA in 

different synovial fluids is presented and applied. Chapter 3 summarizes the main 

results of this thesis work and presents future outlooks for the project.  

1.2 Synovial Joint Structure 

The human body has three types of joints that vary in their degree of motion 

and connective tissue. Fibrous, or synarthrodial, joints are connected by a fibrous 

connective tissue that limits joint motion. Cartilaginous joints, which are also known 

as amphiarthrodial joints, are covered with cartilage and have some relative motion [2, 

54]. Synovial, or diarthrodial, joints have the largest range of motion and include 

joints such as the knee and hip [2, 35, 54]. Synovial joints are the focus of this thesis. 

These joints consist of a fibrous joint capsule filled with SF and lined by synovium 

and articular cartilage (Figure 1.1) [2, 35]. Other components of synovial joints 

include ligaments, tendons, and menisci [2], which are structures that help stabilize the 

joint and contribute to joint lubrication [2, 54].  
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1.2.1 Articular Cartilage 

Articular cartilage is a type of hyaline cartilage that covers the surfaces of bones in 

synovial joints. In the human knee, this cartilage can range from 1 to 6 mm in 

thickness [3, 54] and consists of chondrocytes (~1% of volume) embedded within a 

fluid-filled extracellular matrix (ECM) [14]. In addition to having a low cell density, 

adult articular cartilage lacks vasculature, nerves, and lymphatics. By wet weight, 

cartilage is up to 80% water with the remaining weight comprised of collagen, 

proteoglycans, and non-collagenous proteins [14]. These macromolecules make up 

60%, 25-35%, and 15-20% of the dry weight of cartilage, respectively [14]. 

Chondrocytes are responsible for maintaining the cartilage ECM by secreting 

type II collagen, hyaluronan, and proteoglycans [39, 40]. Proteoglycan aggregates 

consist of a HA core attached to aggrecan, which, in turn, includes covalently-attached 

chondroitin sulfate (CS) and keratan sulfate [78]. These large proteoglycans are 

retained within the collagen ECM, and their negative charges attract water into 

cartilage. HA length, and hence proteoglycan aggregate length, decreases and becomes 

more variable with age [13, 15]. Chondrocytes also produce enzymes involved in 

matrix remodeling [14]. The arrangement of the chondrocytes and ECM can be 

categorized into four distinct zones that vary from the cartilage surface [14]. These 

unique zones and the interactions between the ECM, cells, and fluid allow articular 

cartilage to resist compression, help distribute loads within the joint, and reduce 

friction and wear of the various joint surfaces.   
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1.2.2 Synovial Membrane 

The synovial membrane, or synovium, is a thin, semi-permeable tissue that 

lines the inner joint capsule. The effective pore size of the synovium ranges from ~25-

60 nm [28, 62], and its surface area is ~277 cm2 in a normal human knee [22]. The 

synovium creates SF, supplies the avascular cartilage with nutrients and oxygen, and 

removes waste products from the joint.  

Synovium has two layers, the thinner, intima layer closest to the cavity and the 

subintima layer beneath it (Figure 1.2). The intima layer, or the synovial lining, 

extends approximately 20-50 µm below the surface [17, 47, 71], but can be up to 60 

µm deep in the human knee [73]. The intima surface consists of small folds and villi 

[22] and is made up of 1-3 layers of cells [71] that include Type A and Type B cells. 

Type A cells are macrophage-like while Type-B cells are fibroblast-like [80]. The 

intima cell lining is discontinuous [41], separated by gaps of ECM that include 

collagen [59], HA [18], CS [59, 68], the proteoglycans biglycan and decorin [18], and 

fibronectin [48]. Molecules must travel around the intima cells through the ECM, 

which has a hydraulic resistance [68]. As a result, the synovium is size-selective [28, 

62]. Larger molecules, such as HA above 2000 kDa, are retained within the joint 

cavity while smaller molecules, including glucose and urea, flow unimpeded through 

the ECM [62, 72].  

The subintima layer, also known as the subsynovium, consists of a loose 

network of collagen with arteries, veins, fat, and lymphatics [22]. Subsynovium (~100 

µm) can be categorized as fibrous, areolar, or fatty [11, 17, 71]. 
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The synovium has a unique capillary structure that facilitates exchange of 

wastes, nutrients, and oxygen which would otherwise be diffusion-limited [46]. The 

capillary network is located near the surface of the joint cavity and is dense at an 

average of 240/mm2 [73]. Additionally, the capillaries are fenestrated toward the joint 

cavity to improve permeability [73].  

1.2.3 Synovial Fluid 

SF is a non-Newtonian, viscous fluid found in the joint cavity. Typically, SF is 

transparent and slightly yellow in color for a normal human joint. On average, a 

human knee has approximately 1 mL of SF [61], which when loaded, will form thin 

films that range in thickness from 30 nm to several hundred micrometers between the 

cartilage surfaces of the joint cavity [47, 58].  

SF serves several main purposes: (1) to lower friction in the joints by acting as 

a lubricant, (2) to transport nutrients and wastes, (3) to transport regulatory factors 

mediating tissue interactions, and (4) to traffic cells mediating injury and immune 

responses [2, 4, 35, 46]. 

SF is a dialysate of blood plasma consisting of albumin, globulin, and mucin 

[61]. Normal SF has a total protein concentration of ~19-28 mg/mL and 12 mg/mL of 

albumin, which has an Einstein-Stokes radius of about 3.6 nm [16, 44]. The SF also 

contains lubricant macromolecules, cytokines, growth factors, and matrix-degrading 

enzymes.   

Lubricating macromolecules in synovial fluid include HA [58] and 

proteoglycan-4 (PRG4, lubricin, superficial zone protein) [67, 74]. HA is a 
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polyanionic glycosaminoglycan (GAG) comprised of alternating D-glucoronic acids 

and d-N-acetylglucosamines (Figure 1.3a) [42]. In the normal human knee, HA is 

secreted by synoviocytes [79, 81] at concentrations that range between ~1.5-4 mg/mL 

[4, 5, 23]. HA is polydisperse in normal SF, such that 60 to 70% is of high molecular 

weight (MW) forms (>4,000 kDa) [43] with a mass average of 7,000 kDa as 

determined by affinity chromatography [21]. These long chains arrange themselves in 

a coiled structure that can have a radius of gyration of ~210 nm [20].  

HA has two main functions in synovial joints. HA contributes to joint 

lubrication; as the concentration of HA in SF decreases, the steady state friction 

coefficient increases [76]. In addition to lubricating the joints, HA also contributes to 

outflow buffering by creating a layer of high MW HA at the synovial surface to 

oppose fluid loss when pressure within the joint rises [53]. 

PRG4 is a 345 kDa lubricating glycoprotein secreted by cartilage chondrocytes 

[67]. PRG4 concentration in a healthy knee joint ranges from 0.05 to 0.35 mg/mL [6, 

32, 66, 76].  

GAGs, specifically aggrecan fragments containing CS, are also found in SF but 

at a significantly lower concentration than HA. CS is made of alternating N-

acetylgalactosamine and glucoronic acid (Figure 1.3b). In normal SF, GAG 

concentration ranges from 10-150 µg/mL with an average of 56 µg/mL [9]. A GAG 

molecule is negatively charged, has a MW of 20 kDa [55], and has an effective 

hydraulic radius of ~0.56 nm [57]. GAGs are also found in cartilage, and their 

presence in SF and associated structural changes are thought to be biomarkers for 

injury as a result of degrading cartilage tissue [12, 50, 70]. Recent studies show that 
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CS may also contribute to lubrication at superphysiological concentrations of 100 

mg/mL [7]. 

1.2.4 Transport of Synovial Fluid Molecules Across Synovium 

In addition to the composition of SF and the structure of SF molecules, the 

volume turnover rate of SF and synovial permeability also affect the transport of 

nutrients and waste throughout the joint. The average SF turnover in human knees is 

approximately 0.7-1.0 mL/h [45]. Specifically, HA has a 38 hour turnover in non-

expanded rabbit knees and an intraarticular half-life of 26 h [20]. The turnover of HA 

is significantly longer than that of albumin (1.8 h), indicating that HA in SF is retained 

in the joint for longer [20]. The resident time of HA in SF considerably decreases after 

joint injury [52].  

HA retention in SF is size dependent; high MW HA is replaced frequently 

while low MW HA is rapidly loss from the joint [52, 62]. As high MW molecules are 

retained within the joint, an osmotic pressure is created that maintains a small but 

substantial SF volume within the joint cavity [19]. Outflow buffering, which occurs 

when HA builds up at the surface of the synovium and opposes fluid outflow from the 

joints under pressure, is also concentration dependent [62, 69]. At HA concentrations 

above the critical concentration, which is the concentration when HA molecules begin 

to overlap, more HA will be retained within the joint at the synovial surface and fluid 

loss will decrease [63]. At dilute concentrations, HA molecules are well-separated and 

easily pass through the synovium [63].  



8 
 

  
 

However, the diffusion coefficient and corresponding synovial permeability 

have been determined for only a few molecules. Albumin, which is a significantly 

smaller molecule than HA, has a measured diffusion coefficient that ranges from 3 - 6 

x 10-7 cm2/s for the two synovial layers [28]. For a synthetic, acellular membrane with 

50 nm pores and a thickness of 0.02 cm, the calculated diffusion coefficients for PRG4 

and polydispersed HA are 8 x 10-10 and 4 x 10-9 cm2/s, based on permeabilities of ~4 x 

10-8 and 20 x 10-8 cm/s, respectively [10]. The calculated diffusion coefficient for HA 

of 500 and 830 kDa in PBS are 0.79 x 10-7 cm2/s and 0.56 x 10-7 cm2/s, respectively 

[29]. PRG4 has a free diffusion coefficient of 1.11 x 10-7 cm2/s [74]. Free diffusion 

coefficients are expected to be smaller than diffusion coefficients through synovium. 

Smaller molecules, such as albumin, diffuse through the synovium much more freely 

than larger molecules, such as HA and PRG4. Since synovial permeability to HA and 

PRG4 have not been directly measured, there is the potential to greatly expand this 

area.  
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Figure 1.1. Schematic view of a synovial joint. In a synovial joint, synovial fluid 
fills the joint cavity, which is lined by the synovium and cartilage covering the bone 
surfaces. Ligaments and menisci are also present within the knee joint for 
stabilization. 

 



10 
 

  
 

 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 1.2. Cross section of the synovial membrane. The synovial membrane 
consists of two layers, the upper synovium lining, also called the intima, and the lower 
subsynovium layer. The intima lining has cells that are separated by gaps of 
extracellular matrix. Below the intima lining, the subsynovium helps move molecules 
away from the joint cavity through a network of capillaries and lymphatics. Molecules 
found in the synovial fluid include proteoglycan-4 (PRG4), hyaluronan (HA), 
chondroitin sulfate (CS), and proteins. 
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Figure 1.3. Chemical structures of hyaluronan and chondroitin sulfate. (a) 
Hyaluronan is a long chain glycosaminoglycan made up of repeating glucoronic acids 
and N-acetylglucosamines. (b) Chondroitin sulfate is another glycosaminoglycan 
made of alternating glucoronic acids and N-acetylgalactosamines. 
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1.3 Arthritic Joint Pathology 

Arthritis is a disorder that results in joint inflammation and is often associated 

with joint pain, stiffness, and swelling [36]. In 2005, over 47 million adults had self-

reported, diagnosed arthritis, and this number is expected to rise to 67 million adults 

by the year 2030 [34]. Risk factors for arthritis can be mechanical or biochemical and 

include obesity, joint injury, joint malalignment, and genetics [25, 64]. 

The two main forms of arthritis are rheumatoid arthritis (RA) and OA. 

Rheumatoid arthritis is a chronic inflammatory autoimmune disorder that causes joint 

swelling, tenderness, and the eventual destruction of the synovial joint [33]. OA is the 

most common form of arthritis that results from aging and joint injury. Injuries that are 

commonly associated with the early onset of OA include anterior cruciate ligament, 

menisci, and cartilage tears [49, 51].  

In OA, cartilage, synovium, SF, and bone are all involved in the progression of 

the disease. A variety of factors, such as trauma, may trigger initial damage to any of 

these tissues, typically cartilage. The damaged tissue releases degradation products 

into the SF, which trigger chondrocytes to secrete proteases and inflammatory 

mediators that continue to damage the collagen and ECM network. These products 

also activate an inflammatory response in the synovium, which leads to further 

cartilage degradation and inflammation [25, 64]. Throughout these processes, the 

composition and function of SF also change as the surrounding tissues are altered, but 

the mechanism by which this occurs is still unknown. A better understanding of how 

OA affects SF and the synovium may lead to improved therapies to restore overall 

homestasis of the knee joint.  



13 
 

  
 

1.3.1 Synovial Membrane 

The structure and permeability of the synovium are altered with RA, OA, and 

injury. With RA, the synovial capillaries are located further away from the surface of 

the synovium (~93.3 um) and are less densely arranged (80.2/mm2) [73]. These 

changes in vasculature result in slower transport of molecules within the tissue, 

leading to further changes within the synovial joint. RA synovial lining also exhibits 

hypertrophy [73], hyperplasia [27], and edema [27] as the synovium becomes 

inflamed, and cells, such as macrophages and lymphocytes, infiltrate the lining [73]. 

With OA, the synovium undergoes similar changes that are more variable between the 

early and late stages. Early OA is characterized by thicker synovium with increased 

macrophage infiltration and vascularization [8] although this is still less than that seen 

in RA synovium [27]. There is also an increasing understanding that synovitis is 

present and involved in the progression of OA [27, 60, 65].  

Synovial changes with arthritis and injury affect its permeability. In RA 

synovium, the permeability to small molecules, such as glucose and urea, is slightly 

lower compared to normal synovium [71]. However, the permeability to larger 

molecules, such as high MW HA and plasma proteins, increases with RA [44]. 

Synovial size selectivity is less prominent with pathological synovium, potentially as a 

result of decreased ECM and increased intercellular gaps [44].  

1.3.2 Synovial Fluid 

The composition and function of SF are also altered with injury and disease. 

With arthropathies, SF joint volume increases [76], and PRG4 [1, 6, 76], protein [4, 
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76], and CS [70] concentrations increase. With injury, PRG4 concentration ranges 

from 0.28 to 0.76 mg/mL [6, 66, 76]. CS concentrations increase from 56 µg/mL in 

healthy joints to 96 µg/mL with a range of 20 to 260 µg/mL in OA fluids [9, 70].  

HA concentration decreases [1, 6, 30, 77] and shifts towards low MW HA [1, 

21, 31, 76]. Typical HA concentrations for OA fluids range from 1.1 to 2.6 mg/mL 

[23], or approximately 40-90% decreases from healthy SF [6, 23]. These HA 

concentration and MW changes are time dependent in the case of surgery and injury; 

concentration and high MW forms of HA decrease immediately after surgery but 

typically return to normal values after ~3 months [30, 31]. These changes to HA 

concentration and MW may lead to more HA loss from the joint [52, 62], and lowered 

HA concentration has been associated with decreased lubrication and increased 

friction coefficient [1, 6].  

1.3.3 Articular Cartilage 

Cartilage damage to the superficial zone affects joint lubrication and may lead 

to the early onset of OA. The superficial zone lies closest to the joint cavity and is 

comprised of collagen aligned parallel to the surface, which contributes to the strength 

of the tissue [38]. With aging and OA, this arrangement is disrupted [37, 75]. Surface 

fibrillation increases in the superficial region, which lowers the tissue’s overall tensile 

strength [75]. In late stage OA, the cartilage swells, the ECM continues to degrade, 

and collagen loss and degradation are present [75]. The disruption of the superficial 

zone compromises boundary layer lubrication, which is responsible for minimizing the 

friction between two apposing cartilage surfaces during articulation. Boundary layer 
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lubrication is mediated by SF lubricants, specifically PRG4 secreted by chondrocytes 

in the superficial zone [24]. Thus, as OA progresses and cartilage is damaged, 

lubrication within the joint is also diminished. These OA changes seen in the 

superficial zone parallel that of aging, which indicates that joint injury may accelerate 

cartilage aging and hasten the development of OA.  

1.4 Current Tools for Transport Studies 

The transport of key lubricants and proteins in SF across the synovium has an 

important role in maintaining homeostasis within the joint. Current techniques for 

evaluating their transport properties, such as the retention time constant τ, involve both 

in vivo and in vitro models. While in vivo models mimic the native environment, in 

vitro models allow for more control over experimental variables.  

1.4.1.  Diffusion Chambers 

 Diffusion chambers have been used in previous studies to measure the 

permeability of different molecules across thin, semi-permeable membranes. Two 

common types of diffusion chambers are dialysis chambers and Franz diffusion cells 

[26]. Dialysis chambers are used to separate molecules of a certain size from a fluid 

using a semi-permeable dialysis membrane. Dialysis chambers can be single-well or 

multi-well, and they can be used with various volumes that range from 20 µL to liters 

(Spectrum Labs, Rancho Dominguez, CA). While different versions of these chambers 

are on the market and readily available, they are often expensive and not easily 

adaptable. Studies that require multiple volumes or membranes would require different 
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apparatuses or independent experiments. These devices are not designed to be used 

with biological membranes, like synovium, and sampling at intermediate time points is 

not feasible in a lot of the designs.  

 Franz diffusion cells are commonly used in transdermal drug delivery research 

for permeability studies. Each diffusion cell typically consists of two chambers that 

are separated by either a synthetic or biological semi-permeable membrane with 

sampling at multiple time points [56]. An entire apparatus will consist of multiple 

diffusion cells that are independently set up. While it is advantageous that different 

fluids and membranes can be used in each cell, the set up time for multiple samples 

can become time consuming. These cells also require a larger source fluid volume on 

the order of at least 1 mL, which is not feasible for SF studies since healthy joints 

typically contain less than 1 mL of fluid.  

Similar to the commercially available diffusion devices, biomimetic 

bioreactors have been created to study the movement of HA and PRG4 across semi-

permeable membranes with and without adherent synoviocytes [10]. These custom 

chambers have a similar setup to previous devices. Each chamber has two 

compartments separated by a semi-permeable membrane, and the sink fluid can be 

sampled multiple times over the course of the study. By using one of the chambers as 

a source and the other chamber as a sink, measurements over time are analyzed and 

the retention of specific lubricants is determined in terms of permeability and τ. While 

this device uses smaller volumes, each well has to be assembled individually, which is 

disadvantageous for large studies.  
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While there are diffusion chambers available on the market and custom 

chambers have been developed, these devices are missing some key features necessary 

for the proposed studies. A diffusion apparatus that is compatible with multiple 

membranes, requires small source volumes, and can be sampled at multiple time 

points with easy assembly still needs to be developed.  

1.4.2. Current Apparatus Design 

Building upon previous diffusion apparatuses, a custom diffusion apparatus 

featuring adaptability, multisampling, and small source volumes, was created. This 

apparatus consists of two main plates, one for Chamber A and one for Chamber B. 

Each plate has an array of 24 wells that can be run in parallel, allowing different fluids 

and tissues to be tested at once. The use of plates with arrays of chambers instead of 

individual chambers allows multiple wells to be assembled at the same time to 

improve experimental efficiency. Additionally, the wells are spaced so that they can 

be used with a multi-channel pipette, which also improves its ease of use. These 

chambers are advantageous because they require small volumes and small transport 

areas, which minimize the use of limited biological samples. 

 The diffusion wells used in this study have two fluid compartments, a 

Chamber A (A) source and a Chamber B (B) sink for sampling (Figure 1.4). Chamber 

A holds 36.2 µL of the source fluid, which is typically SF. Chamber B holds 1086 µL 

of the sink solution, which is usually phosphate buffered saline (PBS). Both chambers 

are well-mixed for the duration of the experiment using a custom magnetic stirring 

element. These chambers are separated by synthetic or biological semi-permeable 
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membranes with a diffusion area of ~18 mm2. Validation of the diffusion apparatus is 

presented in Appendix A.  

The permeability of different molecules, specifically HA, can be determined 

by sampling out of Chamber B at various time intervals and analyzing the samples for 

concentration. Preliminary results indicate that this bioreactor can successfully 

measure lubricant permeability with native and synthetic fluids. Additionally, this 

apparatus is compatible with a range of synthetic membranes with varying pore sizes. 

This diffusion chamber apparatus will be used in the studies presented here for 

analysis of the transport properties of HA in SF from normal and injured joints.   
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Figure 1.4. Cross section of diffusion wells. Each well consists of a Chamber A 
source fluid and a Chamber B sink fluid. These chambers are separated by a 
semi-permeable membrane, and Chamber B can be sampled at multiple time points. 
Both chambers are well-mixed. The magnified sections show the relative synovial 
fluid composition for chondroitin sulfate (CS), proteoglycan-4 (PRG4), hyaluronan 
(HA), and protein in Chambers A and B.   
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CHAPTER 2: 

EFFECTS OF INJURY ON SYNOVIAL FLUID 

HYALURONAN TRANSPORT ACROSS 

A SEMI-PERMEABLE MEMBRANE 

2.1 Abstract 

 Synovial fluid (SF) is a lubricant that reduces the friction and wear 

experienced by articular cartilage. SF is also a transport medium for waste and nutrient 

exchange within the joint. The low-friction, wear-protective properties of SF are due, 

in part, to lubricating macromolecules, including hyaluronan (HA). HA is polydisperse 

in molecular weight, secreted by synoviocytes, and concentrated by the synovium. 

Together, the synovium and SF are responsible for molecular sieving and outflow 

buffering that maintain joint homeostasis. Joint injury and diseases, such as arthritis, 

are thought to disrupt this balance between the synovium and SF with changes to the 

composition and concentration of HA. A custom two-chamber, multi-well diffusion 

apparatus was developed to study the changes in HA transport across a 400 nm pore 

size membrane following an injury. The objectives of this study were to (1) develop 

and validate a novel in vitro diffusion system that allows for multiple samples to be 

run in parallel, and (2) to analyze how HA diffusion properties and membrane 
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permeability to HA are affected by joint injury. SF specimens were obtained from the 

knees of 3 patients who had sustained an acute tear of the anterior cruciate ligament 

(AI-hSF) and of 3 patients (37 to 66 years old) who suffered from meniscal tears that 

were chronic (CI-hSF). 3 specimens were obtained from the healthy knee of a cadaver 

(28 to 87 years old) within 72 h of death as control synovial fluid (NL-hSF). PBE or a 

portion of CI-hSF fluid was spiked with chondroitin sulfate to a final concentration of 

3.91 mg/mL to validate the apparatus and diffusion model. Samples were collected at 

0, 24, and 72 h time points and analyzed for chondroitin sulfate concentration, HA 

concentration, and HA molecular weight distribution (2.5-7, 1-2.5, 0.5-1, 0.25-0.5 

MDa). Based on these values, a time constant was estimated using an exponential fit 

to the solution of Fick’s first law, and permeabilities were calculated. The 

permeability of the 400 nm pore size membrane to HA from AI-hSF was 1.4 ± 0.4 x 

10-6 cm/s, which was similar to 1.1 ± 0.1 x 10-6 cm/s for NL-hSF. The HA time 

constants were not different in the MW ranges and were not dependent on the initial 

concentration.  

2.2  Introduction 

The synovium is a thin, semipermeable membrane that surrounds the joint 

capsule and is responsible for the formation and selective filtering of polydisperse 

hyaluronan (HA) in synovial fluid (SF). SF lubricates the joint through interactions 

with lubricating molecules, including HA, while transporting nutrients and wastes to 

and from articular cartilage. HA is a glycosaminoglycan comprised of repeating D-

glucoronic acids and d-N-acetylglucosamines [18]. In normal human synovial fluid 
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(hSF), HA has a concentration of approximately 1.5-4 mg/mL [2, 3, 10] and is mostly 

comprised of high (≥4,000 kDA) molecular weight (MW) molecules with some low 

MW forms [19]. In solution, these large HA molecules overlap and create an 

entangled network that contribute to the viscoelastic nature of SF [2]. HA is also 

responsible for creating an outflow buffer that minimizes SF leakage out of the joint 

capsule [24, 26]. Thus, the synovium and SF are both involved in maintaining the 

concentration of HA by balancing the loss of HA from the joint with its formation. 

Other lubricating molecules, such as proteoglycan-4, are also found in SF. 

Osteoarthritis (OA) and injury to the joint, such as those with anterior cruciate 

ligament (ACL) tears, are thought to affect the concentration and composition of HA 

in SF, which then alters its material properties. OA is the most common form of 

arthritis that results from aging and joint injury. OA causes cartilage and bone 

degradation as well as inflammation of the synovial membrane, or synovitis [12, 28]. 

These structural and molecular changes within the joint result in an increased synovial 

permeability to SF lubricants, specifically HA [17]. Pathological SF has lowered HA 

concentrations (1.1-2.6 mg/mL) relative to SF from healthy knees (2.5-3.7 mg/mL) 

[10]. With OA and traumatic injury, HA concentrations are ~40-47% lower than 

healthy SF [10]. HA also shifts towards lower MW [9, 29], which contributes to the 

increased transport of these lubricants out of the joint. Joint injury, such as an ACL 

tear, alters HA concentration and MW, which in turn changes joint lubrication and 

leads to the early onset of OA [20-22].  

It is widely recognized that disease and injury alter SF, its lubricating 

macromolecules, and the synovial permeability, but these changes and their effects on 
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diffusion within the joint are still being investigated. Various measurements of HA 

transport across synovium have been made in vivo, typically in rabbit models [6, 7, 

26]. In vivo models account for much of the native synovial joint environment, such as 

intra-articular pressure, vasculature, and lymphatics. However, in vitro transport 

measurements may allow more control over variables of interest and experimental 

parameters. A bioreactor with two chambers separated by a synthetic semi-permeable 

membrane seeded with synoviocytes was developed to investigate the membrane 

permeability to HA and PRG4 with both secretion and loss [5]. In vitro measurements 

with this bioreactor demonstrated that lubricant transport depends on membrane pore 

size, HA MW, and the presence of synoviocytes.  

This bioreactor can be improved by modifying the design to include multiple 

samples run in parallel in addition to using a smaller scale version. With this design, 

more physiological conditions can be evaluated, since smaller SF volumes and 

membrane areas are needed for each setup. More experiments can be tested with the 

parallel setup. Additional in vitro studies can be conducted to provide insight about 

how macromolecules are retained in the joint under a variety of physiological and 

synthetic conditions.  

The hypothesis of this study was that the permeability of HA in human SF 

across membranes with 400 nm pores is increased with acute injury, as a result of 

decreased HA molecular weight and concentration. This study investigated the 

diffusion properties of HA in hSF from injured and normal knees through a semi-

permeable membrane in a custom in vitro diffusion system. The objectives of the 

study were to (1) develop and validate a novel in vitro diffusion system using 
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chondroitin sulfate (CS) and HA mass recovery and the applicability of a 

compartmental model, and (2) to analyze how HA diffusion properties and membrane 

permeability are affected by joint injury.  

2.3  Materials and Methods  

2.3.1 General Methods 

High Throughput Transport Chambers  

The transport apparatus used in this study was an extension of a previously 

developed biomimetic bioreactor [5] and consisted of 24 diffusion wells that were 

used in parallel. The transport apparatus was designed to be modular, low volume, and 

compatible with different membranes. Each diffusion well was divided into two 

chambers, a Chamber A (A) upstream source and a Chamber B (B) downstream sink 

separated by a semi-permeable membrane (Figure 2.1). Chamber A contained 36.2 µL 

of the original source fluid and was well-mixed with magnetic stirring beads. Chamber 

B consisted of 1086 µL of sink fluid and allowed for sampling at multiple time points. 

This chamber was also well-mixed using custom magnetic stirring rods. The semi-

permeable membrane had a diameter of 4.8 mm and a flux area, a, of 18.1 mm2. A 

discussion of the apparatus repeatability is presented in Appendix A.  

 

Semi-Permeable Membrane  

Nucleopore polycarbonate Track-Etched membranes (Whatman, Piscataway, 

NJ) were used to separate Chambers A and Chamber B for this study. These 

membranes had defined pore sizes of 400 nm, a pore density of 1.23 x 108 pores/cm2, 
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and a thickness of 10 µm. The membranes were semi-permeable to both HA and CS, 

as demonstrated in preliminary pilot studies. The membranes were also resistant to 

chemical and thermal changes and had low molecular binding.  

 

Synovial Fluid Selection and Preparation 

 Synovial fluid samples were selected that were representative of SF from 

injured or healthy knees (Table 2.1). SF specimens were aspirated from the knees of 

three adult patients, who had sustained an acute tear of the anterior cruciate ligament 

(AI-hSF) and of three patients (37 to 66 years old), who suffered from meniscal tears 

that had been sustained more than 90 days before the time of aspiration and were 

considered chronic injuries (CI-hSF). The chronic injuries were accompanied by 

cartilage degeneration and synovitis. CI-hSF samples were selected from a subset of 

hSF samples that had been analyzed previously [29]. Synovial fluids were aspirated 

from the knees of patients after they had provided consent under the auspices of 

Institutional Review Board-approved research plans (under direction of Dr. Robert 

Sah, Dr. John Lane, and Dr. Constance Chu). Three specimens were obtained from the 

healthy knees of three cadaver donors (28 to 87 years old) within 72 h of death as 

control synovial fluid (NL-hSF). The SF was aspirated from the knee using a standard 

18-gauge spinal needle attached to a syringe. After collection, the samples were spun 

down at 3,000g or 15,000g for 30 minutes to remove cellular debris. The supernatant 

was separated from the pellet and both were stored at -80°C. Samples were thawed at 

room temperature before use. The SF samples were pre-selected to have at least 0.5 
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mL of volume for testing and analysis. Additionally, samples were chosen that had 

HA concentrations typical of normal and injury hSF [4, 29]. 

For the CS-supplemented samples, a 10x CS (~85% pure, Sigma Aldrich, St. 

Louis, MO) stock solution was created at a concentration of 39.1 mg/mL in phosphate 

buffered EDTA (PBE). This CS stock solution was spiked at 10% v/v into portions of 

the three CI-hSF samples (CI+CS). As a control, the CS stock solution was also added 

at 10% v/v into three volumes of PBE to a final concentration of 3.91 mg/mL.  

2.3.2 Experimental Design 

Permeability Study 

Permeability experiments were conducted for this study to validate the custom 

diffusion apparatus and to assess the effect of injury on the permeability of a 

membrane with 400 nm pores to HA in hSF. In the first experiment, solutions of CS 

and portions of CI-hSF supplemented with CS (CI+CS) were analyzed to determine 

the diffusion properties of overall HA and CS and to validate the apparatus in terms of 

HA and CS recovery and the presence of a concentration gradient. In the second 

experiment, hSF from healthy knees (NL-hSF) and from knees that had sustained an 

acute injury (AI-hSF) were used to determine the effect of injury on the diffusion 

properties of overall HA and HA by molecular weight range. In each experiment, the 

experimental solutions (NL-hSF, AI-hSF, CI+CS, and CS) were applied to Chamber A 

at a volume of 36.2 µL per chamber at time t = 0 (A, 0), and 1086 µL of phosphate-

buffered saline (PBS) with 2 mM of ethylenediamine tetraacetic acid (EDTA) were 

added to the corresponding Chamber B of each well. The diffusion apparatus was then 
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left at room temperature for 72 h while mixing on a custom magnetic stir plate. Three 

samples were used for each experimental group with the exception of the CS group, 

which consisted of 2 samples because an air bubble developed in the chamber. 

A portion of Chamber B (125 µL) was collected at 24 h (B, 24), and all 

remaining solution was collected from Chamber A at 72 h (A, 72) and Chamber B at 

72 h (B, 72) (Figure 2.2). After collection, samples were refrigerated at 4°C until 

analysis. The samples and variables are labeled by the chamber or sample group j, the 

molecule of interest i¸ and the time point t (Table 2.2). The volumes and molecular 

weight bins are constant (Table 2.3).   

2.3.3 Analytical Methods 

Overview 

Portions of solutions (A, 0), (B, 24), (B, 72), and (A, 72) were analyzed for HA 

and CS content. Portions of solutions (A, 0), (B, 24), (B, 72), and (A, 72) from NL-

hSF and AI-hSF solutions were also analyzed for HA concentrations in MW ranges of 

2.5-7, 1-2.5, 0.5-1, 0.25-0.5, and 0.05-0.25 MDa. Overall mass of HA or CS recovered 

(A, 0R) was calculated as the sum of those determined at (B, 24), (B, 72), and (A, 72). 

The recovered mass was normalized to the initial Chamber A volume to determine 

recovered concentrations of HA and CS (A, 0R). Mass and concentrations of CS and 

HA remaining in Chamber A at 24 h were calculated based on those recovered from 

(B, 24).  

 

Chondroitin Sulfate Concentration 
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Portions of recovered and original solutions were sequentially digested with 

0.5 mg/mL proteinase K (Roche Applied Science, Indianapolis, IN) overnight at 37°C, 

boiled for 10 minutes, and digested with 10 units/mL of hyaluronidase (from 

Streptomyces hyalurolyticus, MP Biomedicals, Solon, OH) at 37°C overnight [25]. 

Samples were then analyzed for CS content [11]. CS content was calculated by 

comparison to known concentrations of shark chondroitin 6-sulfate (Sigma Aldrich, 

St. Louis, MO) with impurities, such as sulfur, salt, and water (~15%), accounted for. 

SF samples at (A, 0) that had an inherent color were adjusted for background color.  

 

Hyaluronan Concentration 

 Samples were digested with 0.5 mg/mL proteinase K (Roche Applied Science, 

Indianapolis, IN) overnight at 37°C. After 18 h, the samples were boiled for 10 

minutes to deactivate the proteinase K. These samples were then analyzed for HA 

concentration using an enzyme-linked immunosorbent assay (ELISA)-like assay using 

recombinant human aggrecan [16].  

 

Hyaluronan Molecular Weight  

  To further analyze HA transport as a function of MW, the distribution of HA in 

collected solutions were determined as previously described [19]. Samples were first 

proteinase K digested and boiled as described above. Using a gel electrophoresis 

technique, 200–500 ng of HA from samples collected at 0, 24, and 72 h were applied 

to 1% agarose gels (SeaKem Gold, Allendale, NJ) in tris-acetate-EDTA (TAE) buffer, 

run at 100 mV for ~80 minutes and visualized after incubation with 0.1% Stains-all 
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(Sigma Aldrich, St. Louis, MO).  Gel images were digitized and processed using 

custom MATLAB code to determine the fraction of HA in MW ranges 2.5-7, 1-2.5, 

0.5-1, and 0.25-1 MDa relative to MW markers of 30, 262, 450, 1156, 2400, and 4000 

kDa. Fractions were then multiplied by the total concentration and mass in each 

chamber to determine the mass and concentration for each MW.  

2.3.4 Engineering Analysis 

Time constants for the diffusion of overall HA as well as HA in MW ranges of 

2.5-7, 1-2.5, 0.5-1, and 0.25-0.5 MDa were determined based on the calculated masses 

and concentrations remaining in Chamber A. Permeabilities of the membrane to 

overall HA as well as HA in particular MW ranges were also calculated.  

By modeling the diffusion chambers after Fick’s first law, the time constant, or 

the time it takes for 63.2% of HA to leave Chamber A, and permeability were 

estimated. Fick’s first law states: 

𝐽 =  −𝐷 𝜕𝑐𝑀
𝜕𝑥

, (1) 

 

where J is the flux of the molecule in units of mass per area per time, D is the 

diffusion coefficient with units of length squared per time, c is the concentration in 

units of mass per length cubed, and x is the position in the membrane in length. By 

substituting in a relationship between permeability and the diffusion coefficient, 

applying a mass balance, and assuming that the concentration in Chamber A is always 

significantly larger than the concentration in Chamber B [5], Eq.(1) was simplified 

and solved to give:  
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𝑐𝑖𝐴(𝑡)
𝑐𝑖𝐴(0𝑅)

=  𝑒−
𝑡
𝜏 ,  (2) 

 

where 𝑐𝑖𝐴(𝑡) is the concentration of Chamber A for molecule i at time t, 𝑐𝑖𝐴(0𝑅) is the 

recovered concentration of Chamber A, and τ is the time constant [5]. For overall HA, 

this equation was fit to the concentrations of Chamber A at 0, 24, and 72 h, and the 

time constant was determined. Molecular weight time constants were fit to Chamber A 

concentrations at 0 and 72 h. Details about these calculations can be found in 

Appendix B. For CS, Eq.(2) was fit to the concentrations of Chamber A at 0 and 72 h. 

The permeability P was then calculated from the time constant, membrane area a, and 

Chamber A volume 𝑉0𝐴, as follows [5]: 

𝑃 =  
 𝑉0𝐴

𝑎𝜏
. (3) 

 

Using Eq.(2) and Eq.(3), the time constants for HA diffusion and permeabilities of the 

membrane to HA in each of the experimental solutions (NL-hSF, AI-hSF, and CI+CS) 

were calculated. The relationship between time constant and recovered concentration 

was also assessed.  

2.3.5 Statistical Analysis 

Data are presented as mean ± SEM. Differences between 24 and 72 hour 

samples for the same group were evaluated using a paired Student’s t-test (p<0.05). 

All other comparisons were completed using an unpaired Student’s t-test (p<0.05). 

Linear regression was used to assess the relationship between time constant and initial 

HA concentration with comparison of slopes to 0 (p<0.05).  
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Table 2.1. Human synovial fluid (hSF) sample characteristics. The three hSF 
samples used for each experimental group were aspirated from either healthy knees 
(NL), knees that had sustained an acute anterior cruciate ligament (ACL) injury (AI), 
or chronic injuries of the meniscus (CI). CI samples were supplemented with 3.91 
mg/mL chondroitin sulfate (CS). An experimental control of PBE with 3.91 mg/mL of 
CS was used.  
 

Experimental 
Group Injury Number of Patients Age (years) 

CS  None 0 0 

CS-Spiked 
Injury 

(CI + CS) 

Meniscus 
tears, cartilage 
degeneration, 

synovitis 

3 37, 52, 66 

Normal (NL) None 3 28, 82, 87 
Injury (AI) ACL 3 Adult 
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Table 2.2. Summary of variables with descriptions. Samples were labeled by their 
time point t (0, 0R, 24, or 72 h), the molecule of interest i (hyaluronan or chondroitin 
sulfate), the sample group or chamber j (NL, AI, CI +CS, CS, A, or B), and the 
molecular weight (MW) bin, if applicable. The volumes (V) were dependent on the 
chamber size. Concentrations (c), fraction (F), mass (m), mass remaining (mt/mR), time 
constant (τ), and permeability (P) were determined for each sample.  
 
 

Variable Description Units 

A Chamber A  
B Chamber B  

B.S Chamber B sample  
t Time h 

R Recovered, calculated from collected samples  
HA Hyaluronan  
CS Chondroitin sulfate  
bin Molecular weight bin kDa 

Vj Volume of chamber or sample µL 

𝑐𝑖
𝑗 Concentration mg/mL, µg/mL 

𝐹𝑖[𝑏𝑖𝑛]
𝑗  Fraction of total gel intensity in MW bins - 

𝑐𝑖[𝑏𝑖𝑛]
𝑗  Concentration in MW bins mg/mL, µg/mL 

𝑚𝑖
𝑗 Mass mg, µg, ng 

𝑚𝑖,[𝑏𝑖𝑛]
𝑗  Mass in MW bins mg, µg, ng 

𝑚𝑖
𝐴

𝑚0𝑅
 

Mass remaining in Chamber A for molecule i 
relative to recovered mass - 

𝜏𝑖
𝑗 Time constant h 

𝜏𝑖,[𝑏𝑖𝑛]
𝑗  Time constant for MW bins h 

a Membrane area mm2 

𝑃𝑖
𝑗  Permeability cm/s 

𝑃𝑖,[𝑏𝑖𝑛]
𝑠𝑎𝑚𝑝 Permeability for MW bins cm/s 
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Table 2.3. Constant parameters. Four molecular weight ranges spanning 0.25-7 
MDa were used to analyze the gels. The volumes are based on chamber sizes. 
Chamber A is 36.2 µL for both the measured and recovered samples at 0 h. Chamber 
B initially contains 1086 µL, which is also the same volume at 24 h. After 24 h, a 125 
µL sample is removed from Chamber B, and there is 961 µL of fluid remaining at 72 
h. The flux area (a) between the two chambers is 18.1 mm2. 

 

Constant Value Units 

bin 

0.25-0.5, 
0.5-1, 
1-2.5, 
2.5-7 

kDa 

𝑉0𝐴 36.2 µL 

VB(t = 24) 1086 µL 

𝑉𝐵.𝑆(t = 24) 125 µL 

𝑉𝐵(t = 72) 961 µL 

a 18.1 mm2 
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Figure 2.1. Cross section of the diffusion wells. Each well consisted of a Chamber A 
source fluid and a Chamber B sink fluid. These chambers were separated by a 
semi-permeable membrane, and Chamber B was sampled at multiple time points. Both 
chambers were well-mixed. The magnified sections show the relative synovial fluid 
composition for chondroitin sulfate (CS), proteoglycan-4 (PRG4), hyaluronan (HA), 
and protein in Chambers A and B.  
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Figure 2.2. Schematic of diffusion apparatus sampling. At 0 h, 36.2 µL of the 
source fluid was added to Chamber A (A, 0) and 1086 µL of the sink fluid was added 
to Chamber B (B, 0) of each well. A 125 µL sample was removed from Chamber B 
after 24 h (B.S, 24). At 72 h, all of the remaining fluid in Chamber B was removed (B, 
72), and the fluid in Chamber A (A, 72) was collected. The recovered sample was the 
sum of (B.S, 24), (B, 72), and (A, 72).  
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2.4  Results 

2.4.1 Experiment I: CS and HA Recovery and Concentration Gradients 
Following Diffusion Experiments 

Mass Recovery 

CS content was recovered following the diffusion experiment. CS mass was 

not markedly different between the applied (A, 0; 153.5 ± 8.9 µg) and recovered (A, 

0R; 126.3 ± 0.2 µg) CS samples (p=0.09, Figure 2.3a) as well as for the applied (143.3 

± 4.9 µg) and recovered (138.9 ± 5.3 µg) CI+CS samples (p=0.57, Figure 2.3a). The 

masses were similar to the expected mass for the solutions with 3.91 mg/mL of CS 

originally added to Chamber B. CS recovery was 83 ± 5% and 97 ± 1% for the CS and 

CI+CS solutions, respectively. Since CS masses were low for NL-hSF and AI-hSF, 

these groups were not analyzed for CS recovery. 

HA content was also recovered following the diffusion experiment. The mass 

of HA was similar for the applied (63.0 ± 12.0 µg) and recovered (55.6 ± 14.9 µg) 

CI+CS samples (p=0.72, Figure 2.4a). Because CS in PBE solutions are not expected 

to contain HA, this group was not analyzed for HA content. HA mass was also similar 

for the applied (73.1 ± 10.1 µg) and recovered (90.2 ± 14.5 µg) NL-hSF samples 

(p=0.39) as well as for the applied (33.1 ± 0.3 µg) and recovered (29.3 ± 7.2 µg) AI-

hSF solutions (p=0.62, Figure 2.5a). HA recovery was 86 ±7 %, 123 ± 4%, and 89 ± 

23% for CI+CS, NL-hSF, and AI-hSF, respectively. 
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Concentration Gradient  

 A CS concentration gradient was variably present between Chambers A and B 

after 72 hours for CS in SF mixtures. At 72 hours, CS concentration in Chamber A (A, 

72; 213.6 ± 17.4 µg/mL) was higher than the concentration in Chamber B (B, 72; 

117.2 ± 4.0 µg/mL) for CI+CS samples (p<0.05, Figure 2.3b). For CS in PBE 

solutions, the concentration in Chamber A (79.6 ± 58.4 µg/mL) did not differ from the 

concentration in Chamber B (110.1 ± 1.9 µg/mL) after 72 hours (p=0.65, Figure 2.3b).  

The measured HA concentrations were consistent with the selection of NL-hSF 

and AI-hSF. The overall HA concentration of AI-hSF was lower than for NL-hSF 

(-55%, p<0.05, Figure 2.5b).  

HA concentration gradients between the two chambers were substantial at 

72 h. HA concentration in Chamber B (45.1 ± 13.5 µg/mL) was less than Chamber A 

(217.4 ± 17.7 µg/mL) after 72 hours for CI+CS (p<0.005, Figure 2.4b). After 72 

hours, the concentration in Chamber A (762 ± 261 µg/mL) tended to be higher than 

the concentration in Chamber B (60.6 ± 6.9 µg/mL) for NL-hSF (p=0.11, Figure 2.5b) 

as well as for Chamber A (243.5 ± 38.9 µg/mL) and Chamber B (19.4 ± 5.5 µg/mL) 

for AI-hSF (p<0.05, Figure 2.5b).  
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Figure 2.3. Chondroitin sulfate (CS) content for solutions with CS 
supplementation at 3.91 mg/mL. CS was added to synovial fluid (SF) obtained from 
joints with chronic injury (CI) and PBE (-). (a) Mass of CS applied (A, 0) and 
recovered (A, 0R) for CI+CS and CS in PBE. (b) Concentration of CS at 72 h in 
Chamber A (A, 72) and Chamber B (B, 72) for CI+CS and CS. Data are mean ± SEM 
with n=3 for CI+CS and n=2 for CS. 
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Figure 2.4. Hyaluronan (HA) content for CS in PBE and CI+CS solutions. (a) 
Mass of HA applied (A, 0) and recovered (A, 0R) for CI+CS. (b) Concentration of HA 
at 72 h in Chamber A (A, 72) and Chamber B (B, 72) for CI+CS. HA was not 
expected for CS solutions. Data are mean ± SEM with n=3.  
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Figure 2.5. HA content for synovial fluid (SF) from healthy joints (NL) and 
acutely injured joints (AI). (a) Mass of HA applied (A, 0) and recovered (A, 0R) for 
NL-hSF and AI-hSF. (b) Concentration of HA at 72 h in Chamber A (A, 72) and 
Chamber B (B, 72) for NL-hSF and AI-hSF. Data are mean ± SEM with n=3. 
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2.4.2 Experiment II: Effect of Injury on HA Diffusion Properties 

Overall Time Constants and Permeabilities for CS and HA 

The CS loss from Chamber A was determined from the recovered mass (A, 

0R) and the samples (B, 24) and (B, 72) for the CS and CI+CS samples. Using Fick’s 

first law, the time constants for CS and CI+CS were estimated to be 18 ± 4 h and 25 ± 

1 h, respectively, with corresponding membrane permeabilities to CS of 2.2 ± 1.1 x 

10-6 cm/s and 2.2 ± 0.05 x 10-6 cm/s (Table 2.4). The permeabilities to CS were similar 

for CS and CI+CS samples (p=0.49).  

The loss of HA across the membrane into Chamber B was also determined and 

used to estimate HA time constants for CI+CS, NL-hSF, and AI-hSF samples. HA loss 

from Chamber A tended to be lower at 24 h than the loss at 72 h for all three groups 

(Figure 2.6, Figure 2.7). For CI+CS, the HA membrane permeability was 2.4 ± 0.2 x 

10-6 cm/s, which was calculated from a time constant of 24 ± 2 h (Table 2.4). The time 

constant for NL-hSF was estimated to be 54 ± 6 h, which was similar to the AI-hSF 

time constant of 47 ± 12 h (p=0.64). Corresponding membrane permeabilities for HA 

were 1.1 ± 0.1 x 10-6 cm/s and 1.4 ± 0.4 x 10-6 cm/s for NL-hSF and AI-hSF, 

respectively (Table 2.4). Estimated membrane permeabilities to HA were similar for 

NL-hSF and AI-hSF (p=0.48), but the permeability to HA was higher in CI+CS 

compared to both NL-hSF (p<0.005) and AI-hSF (p<0.05).  The CS time constant for 

CS in PBE samples was lower than that for HA in NL-hSF (p<0.05) and tended to be 

lower than that for AI-hSF (p<0.13).   
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Hyaluronan Molecular Weight Time Constants and Permeabilities 

Electrophoretic separation of HA in NL-hSF and AI-hSF were polydisperse 

based on staining intensity (Figure 2.8, Figure 2.9). HA distribution was visualized in 

(A, 0), (A, 72), (B, 24), and (B, 72) solutions for NL-hSF and AI-hSF. Over 50% of 

HA was larger than 1 MDa in (A, 0) for both NL-hSF and AI-hSF (Figure 2.10). NL-

hSF had ~73% of HA between 1 and 7 MDa, which tended to be higher than the ~55% 

for AI-hSF (p=0.09). NL-hSF was comprised of ~27% low MW HA less than 1MDa, 

which was comparable to the ~41% found in AI-hSF (p=0.08).  

 In each MW range, HA content was generally recovered for NL-hSF, but not 

AI-hSF. For NL-hSF, the fraction of applied HA (A, 0) was 0.26, 0.48, 0.14, and 0.08 

for the MW ranges 2.5-7, 1-2.5, 0.5-1, and 0.25-0.5 MDa, respectively, which did not 

differ from the recovered fractions (0.45<p<0.67, Figure 2.10). For AI-hSF, the 

fraction of applied HA (0.27 ± 0.05) was larger, but not significant, than the fraction 

recovered (0.11 ± 0.04) for MW greater than 2.5 MDa (p=0.06, Figure 2.10a). For AI-

hSF between 1 and 2.5 MDa, recovered AI-hSF (0.42 ± 0.02) had a higher HA fraction 

than the applied AI-hSF (0.28 ± 0.04, p<0.05, Figure 2.10b). Recovered AI-hSF also 

had more low MW HA forms compared to applied AI-hSF from 0.5 to 1.0 MDa 

(p<0.05, Figure 2.10c). Applied and recovered HA from 0.25 to 0.5 MDa were similar 

for AI-hSF (p=0.11, Figure 2.10d).  

NL-hSF HA fraction did not vary between 24 and 72 h in Chamber B 

(0.10<p<0.35, paired), and AI-hSF only had a difference in one MW range. The 

fraction of HA (2.5-7 MDa) in AI-hSF solutions decreased from 0.13 ± 0.03 at 24 h to 

0.11 ± 0.03 at 72 h (p<0.05, paired, Figure 2.10a). The fractions in the other MW 
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ranges for (B, 24) and (B, 72) did not differ (0.08<p<0.12, paired). Overall, in each 

MW range, the fractions did not change between 24 and 72 h for either group.  

HA concentration in each MW range for was also determined. The recovered 

HA concentrations were similar to the applied HA concentrations in all MW ranges 

for NL-hSF (0.23<p<0.76, Figure 2.11) and AI-hSF (0.06<p<0.39, Figure 2.11). NL-

hSF has more HA from 2.5-7, 1-2.5, and 0.5-1 MDa compared to AI-hSF (p<0.05).  

HA concentrations within each MW range were generally similar between 24 

and 72 hours for both NL-hSF and AI-hSF. HA concentration in NL-hSF varied 

between 24 h (16.1 ± 4.6 µg/mL) and 72 h (26.8 ± 4.0 µg/mL) in Chamber B for MW 

range 1-2.5 MDa (p<0.05, paired, Figure 2.11b). HA concentrations in NL-hSF tended 

to increase between 24 h and 72 h for 0.25-1 MDa (p=0.06, 0.09, paired, Figure 

2.11c,d). In the high MW range between 2.5-7 MDa, HA concentration was similar 

between 24 and 72 h (p=0.88, Figure 2.11a). HA concentration in AI-hSF was similar 

for 1-2.5 MDa (p=0.53) and 2.5-7 MDa (p=0.29) HA (Figure 2.11a,b). HA between 24 

and 72 h in Chamber B tended to increase (p=0.07, Figure 2.11c), and HA between 

0.25-0.5 MDa increased from 24 h (1.8 ± 0.8 µg/mL) to 72 h (3.0 ± 0.7 µg/mL, 

p<0.005). 

A concentration gradient between Chambers A and B at 72 h for HA was 

present in both NL-hSF and AI-hSF for the duration of the experiment. For NL-hSF, 

the HA between 0.5-7 MDa tended to have higher concentrations in Chamber A 

compared to Chamber B (0.07<p<0.12). For HA between 0.25-0.5 MDa, the HA 

concentration in Chamber A at 72 h was higher than the concentration in Chamber B 

(p<0.05). Similarly, for HA between 2.5-7 MDa in AI-hSF, the concentration tended 
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to be higher in Chamber A (31.3 ± 14.5 µg/mL) than Chamber B (2.2 ± 0.9 µg/mL, 

p=0.12). For AI-hSF, low MW HA between 0.25-2.5 MDa was higher in Chamber A 

than Chamber B after 72 h (p<0.05).  

HA mass was recovered for each MW range after the diffusion experiments. 

HA mass applied was similar to the mass recovered in all MW ranges for NL-hSF 

(0.24<p<0.76). For AI-hSF solutions, the mass applied was recovered for MW ranges 

between 0.25-2.5 MDa (0.10<p<0.39, Figure 2.12). In the highest MW range, the 

mass recovered was less than the mass applied (p<0.05).  

The mass difference between 24 and 72 h in Chamber B was determined for 

NL-hSF and AI-hSF. The mass of high MW HA (2.5-7 MDa) did not differ from 24 h 

(14.1 ± 1.6 µg) to 72 h (12.1 ± 3.8 µg) for NL-hSF (p=0.45). However, for the low 

MW HA between 0.25-2.5 MDa, HA mass tended to increase between 24 and 72 h 

(0.03<p<0.09). For AI-hSF, HA between 0.5-7 MDa did not show significant 

differences between 24 and 72 hours in Chamber B (0.21<p<0.94). In the lowest MW 

range, Chamber B at 72 h had more HA than at 24 h (p<0.05).  

Time constants and permeabilities were calculated for NL-hSF and AI-hSF in 

the different molecular weight bins, but were not different from each other or the 

overall time constant (Table 2.5). 

  

Time Constants and Recovered HA Concentration 
 
 The relationship between the recovered HA concentration (A, 0R) and the 

estimated time constant was assessed. The slope of a linear regression between HA 

concentration and overall time constant was not different from a slope of 0 (p=0.78, 
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Figure 2.13). Similar analysis for each MW bin also demonstrated that the time 

constant was not dependent on the recovered HA concentration (0.08<p<0.41, Figure 

2.14).  
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Table 2.4. Time constants (τ) and permeability (P) for CS and HA. CS time 
constants were estimated from Chamber A concentrations at 0 and 72 h, and HA time 
constants were estimated from Chamber A concentrations at 0, 24, and 72 h. Values 
are presented as mean ± SEM with n=2 for CS and n=3 for other groups. 

 

Experimental 
Group n τCS 

[ h ] 
PCS 

[ cm/s ] 
τHA 
[ h ] 

PHA 
[ cm/s ] 

CS 2 18 ± 4 2.2 ± 1.1 x 10-6 - - 

CI+CS 3 25 ± 1 2.2 ± 0.05 x 10-6 24 ± 2 2.4 ± 0.2 x 10-6 

NL 3 - - 54 ± 6 1.1 ± 0.1 x 10-6 

AI 3 - - 47 ± 12 1.4 ± 0.4 x 10-6 
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Table 2.5. HA time constants and permeability by molecular weight for NL-hSF 
and AI-hSF. (a) The time constants were estimated using an exponential fit to 
Chamber A concentrations at 0 and 72 h. (b) The permeability was calculated from 
the estimated τ, the volume of Chamber A, and the transport area of the membrane. 
Values are mean ± SEM with n=3.  

Experimental 
Group τHA [ h ] 

Molecular Weight 
[ MDa ] Overall 2.5-7 1-2.5 0.5-1 0.25-0.5 

Normal 54 ± 6 62 ± 17 109 ± 59 45 ± 11 40 ± 8 
Acute Injury 47 ± 12 57 ± 14 69 ± 6 57 ± 5 56 ± 6 

 
 

Experimental 
Group PHA [ cm/s ] 

Molecular 
Weight 
[ MDa ] 

Overall 2.5-7 1-2.5 0.5-1 0.25-0.5 

Normal 1.1 ± 0.1 
x 10-6 

1.1 ± 0.4 
x 10-6 

1.1 ± 0.6 
x 10-6 

1.4 ± 0.3 
x 10-6 

1.5 ± 0.4 
x 10-6 

Acute Injury 1.4 ± 0.4 
x 10-6 

1.1 ± 0.3 
x 10-6 

8.2 ± 0.8 
x 10-7 

9.9 ± 1.0 
x 10-7 

1.0 ± 0.1 
x 10-6 

 

 
 
  

a 

b 
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Figure 2.6. HA remaining in Chamber A for CI+CS. The solid line represents the 
predicted exponential fit. The time constant was 24 ± 2 h. Values are mean ± SEM 
with n=3. 
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Figure 2.7. HA remaining in Chamber A for NL-hSF and AI-hSF. NL-hSF 
samples are shown in dark gray and diamonds, and AI-hSF samples are shown in light 
gray and squares. The solid lines represent the predicted exponential fits. The time 
constant estimates were 54 ± 6 h and 47 ± 12 h for NL-hSF and AI-hSF, respectively. 
Values are mean ± SEM with n=3. 
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Figure 2.8. HA gels for NL-hSF. Lane 1 contains the hyaluronan ladder. Lanes 2-5, 
6-9, and 10-13 show the molecular weight distribution in the (A, 0), (A, 72), (B, 24), 
and (B, 72) samples from the three wells of the experimental group. Lanes 6 and 10 
were provided by Dr. Michele Temple-Wong. 
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Figure 2.9. HA gels for AI-hSF. Lane 1 contains the hyaluronan ladder. Lanes 2-5, 6-
9, and 10-13 show the HA molecular weight distribution in the (A, 0), (A, 72), (B, 24), 
and (B, 72) samples from the three wells of the experimental group. Lanes 2, 6, and 10 
were provided by Dr. Michele Temple-Wong.  
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Figure 2.10. HA fraction (F) for AI-hSF and NL-hSF. Fractions are shown for 
molecular ranges (a) 2.5-7, (b) 1-2.5, (c) 0.5-1, and (d) 0.25-0.5 MDa. Values are 
mean ± SEM with n=3.  
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Figure 2.11. HA concentration (c) for AI-hSF and NL-hSF. Concentrations are 
shown for molecular ranges (a) 2.5-7, (b) 1-2.5, (c) 0.5-1, and (d) 0.25-0.5 MDa. 
Samples marked with an asterisk are plotted on the second y-axis. Values are mean ± 
SEM with n=3. 
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Figure 2.12. HA mass (m) for AI-hSF and NL-hSF. Masses represent the total mass 
in the specified chamber and are shown for molecular ranges (a) 2.5-7, (b) 1-2.5, (c) 
0.5-1, and (d) 0.25-0.5 MDa. Values are mean ± SEM with n=3. 
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Figure 2.13. Time constant vs. recovered HA concentration. The values plotted are 
mean ± SEM with n=3 and represent NL-hSF (dark grey, ◊), AI-hSF (light grey, □), 
and CI+CS (white, ∆) groups. 
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Figure 2.14. Time constant vs. recovered HA concentration in (a) 2.5-7, (b) 1-2.5, 
(c) 0.5-1, and (d) 0.25-0.5 MDa ranges. The values plotted are mean ± SEM with n=3 
and represent the NL-hSF (dark grey, ◊), AI-hSF (light grey, □), and CI+CS (white, ∆) 
groups. 
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2.5 Discussion 

 
This study utilized a novel diffusion apparatus for permeability studies, and 

assessed the time constants and membrane permeabilities for hyaluronan in SF from 

healthy and acutely injured joints. Compared with healthy hSF, SF from knees with 

acute injuries had similar HA time constants (54 ± 6 h vs. 47 ± 12 h, Figure 2.7). The 

permeabilities for membranes with 400 nm pores were also similar for HA in AI-hSF 

and NL-hSF (1.1 ± 0.1 x 10-6 cm/s vs. 1.4 ± 0.4 x 10-6 cm/s). Analysis of the time 

constant and recovered HA concentration suggests that faster HA transport across 

semi-permeable membranes is not associated with lower starting concentrations of HA 

(Figure 2.14). For both NL-hSF and AI-hSF, high MW HA was lost from Chamber A 

quickly between 0 and 24 h and slowly by 72 h. On the other hand, low MW HA 

continued to move across the membrane between 24 and 72 h. Observed MW 

differences were not associated with differences in HA time constants or membrane 

permeabilities.  

Permeabilities were similar between AI-hSF and NL-hSF for several possible 

reasons. First, a single type of membrane with 400 nm pore size was used. Second, the 

experimental approach presented involves a number of considerations about the 

human synovial fluid samples. The sampling time of SF post-injury varied between 

patients depending on the procedure and sampling method, so the time-dependent 

changes of SF may have been variable. Additionally, a limited number of hSF samples 

were used.  Third, for NL-hSF, more HA larger than 4000 kDa [19] was expected than 

that found in the samples used in this study. These high MW HA forms may 
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contribute more to the overall time constant than what was seen in this study. Fourth, 

protein interactions with HA may also prevent HA in AI-hSF from leaking out of the 

joint by increasing its effective MW. Previous studies have shown that inter-alpha-

trypsin inhibitor may link to HA and increase the viscosity of SF [23]. These 

interactions between binding proteins and HA may contribute to HA retention within 

the joint and thus the observed similar permeabilities to HA for AI-hSF and NL-hSF.   

The present study expands on previous SF lubrication research by examining 

the transport properties of HA in AI-hSF with a focus on MW and concentration 

effects. In previous studies, acute joint injury has been associated with decreases in 

HA concentration and MW, which can result in increased friction coefficients and 

decreased lubrication for articular cartilage [1, 4, 14, 29]. The measured HA 

concentrations for NL-hSF, AI-hSF, and CI-hSF were within the range of expected 

values (~1.5-4 mg/mL for normal and ~1.1-2.6 mg/mL for injury) measured by other 

groups [2, 3, 10]. Similar to previous studies, AI-hSF also had lower concentrations of 

high MW HA compared to NL-hSF [1, 15].  

While studies have shown that acute joint injury is associated with SF changes, 

especially for HA, a mechanism describing how injury affects the HA composition 

and structure in SF through diffusion has been minimally defined. This study suggests 

that MW changes after injury may perpetuate HA loss and structural changes within 

the synovial joint. HA at dilute concentrations has been shown to pass through 

synovial pores more easily than overlapping HA molecules at high concentrations 

[27]. 
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Previous studies have assessed HA turnover in vivo in rabbit knees. HA 

turnover in rabbit knees is 38 h with an intra-articular half-life of 26 h [8]. These 

values are consistent with the estimated HA time constants for NL-hSF, AI-hSF, and 

CI+CS in this study. CS is also a smaller molecule compared to HA, and 

correspondingly, CS time constants were lower compared to HA in SF samples.   

While transport within the joint is dependent on both diffusion and convection, 

this study focused on diffusion-driven transport across the synovium. Previous 

estimates of membrane permeabilities to HA are consistent with the values estimated 

in this study. The permeability of polydisperse HA for membranes with 170 nm pores 

was 1.1 x 10-8 cm/s [5]. The free diffusion coefficient for 500 kDa and 830 kDa HA 

are 0.79 x 10-7 cm2/s and 0.56 x 10-7 cm2/s [13], which are equivalent to calculated 

permeabilities of 7.9 x 10-5 cm/s and 5.6 x 10-5 cm/s, respectively, for a 10 µm thick 

membrane. The permeability values calculated from free diffusion coefficients are 

larger than the values estimated for the 400 nm membranes, but they demonstrate that 

the values determined in this study are within range of similar lubricants and 

membranes.  

The evaluation of lubricant transport properties was dependent on validating a 

number of assumptions for the diffusion apparatus. The assumption that Chamber B 

acts as a sink with negligible HA concentration relative to that in Chamber A was 

generally true, even at 72 h, because of the large volume difference between Chambers 

A and B and the presence of a concentration gradient after 72 hours between 

Chambers A and B. Initially, the volume of Chamber B was 30 times larger than 

Chamber A, and at 72 hours, the volume in Chamber B was still ~27 times larger. The 
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time constant estimate also assumes that volume is not loss from the well due to 

leaking or evaporation, which was confirmed by the similarities between the applied 

and recovered HA masses. The agreement between the applied and recovered mass 

also indicates that the HA adhesion to the membranes was negligible and thus could 

be excluded from the calculations.  

The comparison between applied and recovered CS mass also demonstrates the 

feasibility of using the proposed transport apparatus for permeability studies. Since CS 

is a smaller molecule than HA, it more freely diffuses across the 400 nm pore size 

membrane and was thus used as a control. In all the experimental groups, CS was 

recovered after the study. In the CS supplemented groups, the recovered CS 

concentrations were similar to the supplemented concentration of 3.91 mg/mL, which 

confirms that mass is balanced in each well. Future studies will involve the continued 

monitoring of CS and HA recovery to further validate the diffusion apparatus. 

The applicability of the diffusion model can also be improved by considering 

certain design features of the diffusion apparatus. One of the advantages of this 

apparatus is that it can be used with a number of synovial fluids regardless of the 

species or solution, and it can be used with synthetic or biological membranes. The 

design is also efficient; it also allows multiple well setups to be used simultaneously, 

and multiple samples can be retrieved from Chamber B.  

One of the main limitations of the current study is that only two time points 

were used to estimate the HA time constant in the molecular weight bins because of 

limited sample volume. While it is desirable for Chamber A to use small volumes to 

conserve fluids, these volumes, especially for viscous solutions, are difficult to collect 
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and assay with reliability. By increasing the volumes in Chamber A, the initial HA or 

CS signal will increase, which will improve detection. An increased signal will allow 

more intermediate time points to be quantified and used for time constant estimates.  

This model also assumes that the concentration in Chamber B at time 0+ is 

zero. However, the release of a bolus while assembling the chambers would affect the 

estimate of the time constant. To account for this, future studies should include an 

additional step of rinsing out Chamber B after assembly to ensure that Chamber B 

starts as a sink. 

 The current study provides evidence that acute injury does not affect the 

overall transport of hyaluronan across a semi-permeable membrane with 400 nm pores 

and presents a novel method for measuring permeability. High MW HA was retained 

within the joint after 24 h and low MW HA was steadily lost from the joint even after 

72 h, which suggests that MW may affect the overall leakage of HA from the joint. 

The validated diffusion apparatus has applications in identifying other lubricating 

molecules within the joint and can be used to study other biological systems that 

involve transport studies. Future studies will focus on exploring the MW differences in 

SF with different injury joints and evaluating the protein concentrations and 

interactions with HA under injury conditions. Continued investigation of the 

mechanism by which acute injury affects HA structure, SF composition, and lubricant 

loss from the joint may provide targets for osteoarthritis therapies that focus on 

maintaining and preserving joint lubrication.  



70 
 

  
 

2.6  Acknowledgements 

The author would like to thank Dr. Robert L. Sah and Dr. Michele M. Temple-

Wong for their helpful discussions and feedback. Dr. Michele Temple-Wong 

graciously provided portions of the gel electrophoresis analysis for the initial NL-hSF 

and AI-hSF samples. The author would also like to thank Van Wong for his technical 

assistance with the diffusion apparatus design, the senior design team (Kasmian 

Campa, Tanaya Deb, and Zhala Tawfiq) involved with preliminary prototypes of the 

apparatus, and Jason Caffrey for his work on the magnetic stirring element.  

  



71 
 

  
 

2.7  References 

1. Antonacci JM, Schmidt TA, Serventi LA, et al.: Effects of equine joint injury on 
boundary lubrication of articular cartilage by synovial fluid: role of hyaluronan. 
Arthritis Rheum 64:2917-26, 2012. 

2. Balazs EA: The physical properties of synovial fluid and the special role of 
hyaluronic acid. In: Disorders of the Knee, ed. by AJ Helfet, Lippincott 
Company, Philadelphia, 1974, 63-75. 

3. Balazs EA, Watson D, Duff IF, Roseman S: Hyaluronic acid in synovial fluid. I. 
Molecular parameters of hyaluronic acid in normal and arthritis human fluids. 
Arthritis Rheum 10:357-76, 1967. 

4. Ballard BL, Antonacci JM, Temple-Wong MM, et al.: Effect of tibial plateau 
fracture on lubrication function and composition of synovial fluid. J Bone Joint 
Surg Am 94:e64, 2012. 

5. Blewis ME, Lao BJ, Jadin KD, et al.: Semi-permeable membrane retention of 
synovial fluid lubricants hyaluronan and proteoglycan 4 for a biomimetic 
bioreactor. Biotechnol Bioeng 106:149-60, 2010. 

6. Coleman P, Kavanagh E, Mason RM, Levick JR, Ashhurst DE: The 
proteoglycans and glycosaminoglycan chains of rabbit synovium. Histochem J 
30:519-24, 1998. 

7. Coleman PJ, Scott D, Mason RM, Levick JR: Characterization of the effect of 
high molecular weight hyaluronan on trans-synovial flow in rabbit knees. J 
Physiol 514 ( Pt 1):265-82, 1999. 

8. Coleman PJ, Scott D, Ray J, Mason RM, Levick JR: Hyaluronan secretion into 
the synovial cavity of rabbit knees and comparison with albumin turnover. J 
Physiol 503 ( Pt 3):645-56, 1997. 

9. Dahl LB, Dahl IM, Engstrom-Laurent A, Granath K: Concentration and 
molecular weight of sodium hyaluronate in synovial fluid from patients with 
rheumatoid arthritis and other arthropathies. Ann Rheum Dis 44:817-22, 1985. 

10. Decker B, McGuckin WF, McKenzie BF, Slocumb CH: Concentration of 
hyaluronic acid in synovial fluid. Clin Chem 5:465-9, 1959. 



72 
 

  
 

11. Farndale RW, Buttle DJ, Barrett AJ: Improved quantitation and discrimination of 
sulphated glycosaminoglycans by use of dimethylmethylene blue. Biochim 
Biophys Acta 883:173-7, 1986. 

12. Felson DT: Clinical practice. Osteoarthritis of the knee. N Engl J Med 354:841-
8, 2006. 

13. Gribbon P, Heng BC, Hardingham TE: The molecular basis of the solution 
properties of hyaluronan investigated by confocal fluorescence recovery after 
photobleaching. Biophys J 77:2210-6, 1999. 

14. Grissom MJ, Temple-Wong MM, Adams MS, et al.: Effect of arthroscopic 
cartilage defect repair with bone marrow derived cells on the lubricant properties 
of synovial fluid. Trans Orth Res Soc 36:33, 2011. 

15. Grissom MJ, Temple-Wong MM, Adams MS, et al.: Synovial fluid lubricant 
properties are transiently deficient after articular cartilage defect repair with 
fibrin alone and with mesenchymal stem cells. Trans Orth Res Soc 37:51, 2012. 

16. Haserodt S, Aytekin M, Dweik RA: A comparison of the sensitivity, specificity, 
and molecular weight accuracy of three different commercially available 
Hyaluronan ELISA-like assays. Glycobiology 21:175-83, 2011. 

17. Kushner I, Somerville JA: Permeability of human synovial membrane to plasma 
proteins. Relationship to molecular size and inflammation. Arthritis Rheum 
14:560-70, 1971. 

18. Laurent TC, Fraser JR: Hyaluronan. Faseb J 6:2397-404, 1992. 

19. Lee HG, Cowman MK: An agarose gel electrophoretic method for analysis of 
hyaluronan molecular weight distribution. Anal Biochem 219:278-87, 1994. 

20. Lohmander LS, Englund PM, Dahl LL, Roos EM: The long-term consequence of 
anterior cruciate ligament and meniscus injuries: osteoarthritis. Am J Sports Med 
35:1756-69, 2007. 

21. Lohmander LS, Ostenberg A, Englund M, Roos H: High prevalence of knee 
osteoarthritis, pain, and functional limitations in female soccer players twelve 
years after anterior cruciate ligament injury. Arthritis Rheum 50:3145-52, 2004. 

22. Lotz MK, Kraus VB: New developments in osteoarthritis. Posttraumatic 
osteoarthritis: pathogenesis and pharmacological treatment options. Arthritis Res 
Ther 12:211, 2010. 



73 
 

  
 

23. McCarty WJ, Cheng JC, Bugbee WD, Plaas AK, Sandy JD, Sah RL: Control of 
the biophysical properties of hyaluronan solutions and osteoarthritic synovial 
fluid with heavy chains from inter-alpha-trypsin inhibitor. Osteoarthritis and 
cartilage Submitted:Aug 29, 2012. 

24. McDonald JN, Levick JR: Effect of intra-articular hyaluronan on pressure-flow 
relation across synovium in anaesthetized rabbits. J Physiol 485 ( Pt 1):179-93, 
1995. 

25. Ohya T, Kaneko Y: Novel hyaluronidase from streptomyces. Biochim Biophys 
Acta 198:607-9, 1970. 

26. Sabaratnam S, Arunan V, Coleman PJ, Mason RM, Levick JR: Size selectivity 
of hyaluronan molecular sieving by extracellular matrix in rabbit synovial joints. 
J Physiol 567:569-81, 2005. 

27. Sabaratnam S, Mason RM, Levick JR: Hyaluronan molecular reflection by 
synovial lining is concentration dependent and reduced in dilute effusions in a 
rabbit model. Arthritis Rheum 54:1673-81, 2006. 

28. Scanzello CR, Goldring SR: The role of synovitis in osteoarthritis pathogenesis. 
Bone 51:249-57, 2012. 

29. Temple-Wong MM, Hansen BC, Grissom MJ, et al.: Effects of knee 
osteoarthritis on the boundary lubricating molecules and function of human 
synovial fluid. Trans Orth Res Soc 35:340, 2010. 

 

 



 
 

74 
  

CHAPTER 3: 

CONCLUSIONS 

 The objectives of this work were to develop and validate a novel diffusion 

chamber that can be used to further the understanding of synovial fluid (SF) lubricant 

transport with acute injury. To address this objective, a novel diffusion chamber 

apparatus was developed for permeability studies. This apparatus was validated by 

comparing the applied and recovered hyaluronan (HA) and chondroitin sulfate (CS) 

masses after 72 h. The validity of the compartmental diffusion model was also 

assessed by verifying the concentration gradient between Chambers A and B.  

The validated apparatus was used to measure the HA time constant and 

permeability for 400 nm pore size membranes. SF from normal (NL) and acutely 

injured (AI) joints were tested in addition to CS supplemented at 3.91 mg/mL into SF 

from chronically injured joints (CI). CS at 3.91 mg/mL in PBE was used as an 

experimental control. The HA molecular weight (MW) distribution was also evaluated 

for NL-hSF and AI-hSF. The time constant and permeabilities for overall HA and HA 

by molecular weight did not differ, and the time constant was not dependent on the 

initial concentration. The time constant for CS in PBE was lower than the time 

constant for HA in SF mixtures, which may be a result of its smaller size and the 

viscosity difference between PBE and SF. This CS analysis also demonstrated the 
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applicability of the presented diffusion apparatus to permeability studies that involve 

molecules of varying sizes.   

 The current work can be expanded by improving the diffusion apparatus and 

continuing to investigate the diffusion of SF lubricants. While the diffusion apparatus 

can be used in permeability studies, several main modifications to its design and 

assembly would make it a more robust tool. An increase in Chamber A volume would 

increase the signal of HA or CS for detection and would allow more volume to be 

collected after 72 h. Increasing the volume sampled at intermediate time points would 

also allow more quantification to be completed in duplicate. Rinsing the chambers 

prior to starting the experiment will ensure sink conditions for Chamber B and may 

provide better estimates of the time constants.  

With a modified diffusion apparatus, a variety of studies can be conducted. 

Expanding upon this study, membranes with different pore sizes can be tested. The 

effects of MW can also be evaluated by testing HA solutions of the same 

concentration with different molecular weights. Continued analysis of MW differences 

between NL-hSF, AI-hSF, and NL-hSF may provide information on why the 

measured permeabilities were similar.  Previous studies have shown that proteins may 

bind to HA under pathological conditions, which increases its overall MW and may 

result in increased retention of HA. Future experiments will investigate how these 

proteins interact with HA under injury conditions and their subsequent effect on HA 

transport. Biological membranes can also be incorporated to more closely mimic the 

native synovial joint environment, and the effects of cytokines, SF dilution, and 

lymphatic drainage on synovium permeability can be evaluated by adapting the 
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chambers. Ultimately, the objective of these continued permeability studies would be 

to improve understanding of pathological joint lubrication, which would contribute to 

the development of targeted therapies for osteoarthritis symptom relief and disease 

modification.  
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APPENDIX A: 

DIFFUSION APPARATUS VALIDATION 

A.1 Diffusion Apparatus Validation 

Several additional validation tests were performed with the custom diffusion 

apparatus prior to conducting this study. First, previous tests showed that these 

chambers were compatible with synthetic membranes from different manufacturers 

and with different pore sizes. Tests with 400 nm pore size membranes and 1000 nm 

pore size membranes demonstrated that hyaluronan (HA) and chondroitin sulfate (CS) 

concentration differences could be seen between the two membranes with the 1000 nm 

membrane being more porous to the molecules. Second, HA in synovial fluid was 

detected at 24 h and 72 h with the 400 nm membranes, and these concentrations 

increased over time, indicating that the selected membranes were semi-permeable to 

HA. Third, in this design, Chamber B had a volume ~30 times larger than Chamber A 

to ensure that it behaved as a sink over the duration of the experiment. Since Chamber 

B is a narrow cylinder, concerns about concentration gradients developing over the 

course of the study were addressed by creating mixing elements in both chambers. 

When Chamber B was not mixed, samples closest to the membrane had higher 

concentrations than samples further away from the sample, even though both samples 

were taken from the same chamber. Chamber B had similar CS concentrations in the 
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top and bottom volumes of the chamber with mixing. The custom mixing element was 

employed for future permeability experiments.  

Reproducibility between the wells was also analyzed. Three wells were 

examined for normal human synovial fluid (NL-hSF) and acute injury synovial fluid 

(AI-hSF). Samples from the same subject were used in three wells for each 

experimental group. For Chamber A, 36.2 µL of the synovial fluid was added to each 

well. A 400 nm membrane was placed on top of the chamber, and the apparatus was 

assembled. 1086 µL of phosphate-buffered saline (PBS) with 2 mM of 

ethylenediamine tetraacetic acid (EDTA) was then added to Chamber B. At 24 h, 125 

µL was sampled out of Chamber B, and at 72 h, ~961 µL was sampled. The sample at 

72 h was analyzed for hyaluronan concentration using an ELISA, as described above 

in Chapter 2. The average concentration of Chamber B at 72 h was 49.9 ± 1.0 µg/mL 

and 21.3 ± 2.4 µg/mL for the NL-hSF and AI-hSF solutions, respectively.  

These results indicate reproducibility between wells, assuming the same setup 

protocol is used. This reproducibility is sensitive to a number of factors. Variation in 

the fluids, especially human or other animal samples, will be a large source of 

variation between wells of an experimental group. Retrievable sample volume will 

also have an effect on the reproducibility of the results since it dictates the volume 

available for analysis. Samples that must be diluted significantly will have more 

sources of error. Additionally, the chambers must be assembled without air bubbles 

and minimal fluid loss to not disrupt the transport between Chambers A and B. 

The custom diffusion apparatus can be applied to other permeability studies. 

The apparatus is compatible with a variety of synthetic membranes that are semi-
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permeable to the molecules of interest and are suitable for the duration of the 

permeability study. Concentrations in Chamber B are detectable at several time points, 

and the volume difference between Chambers A and B ensure that a concentration 

gradient is maintained. The chambers are also well-mixed, and concentrations at 72 h 

in Chamber B are reproducible.  
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APPENDIX B: 

CALCULATIONS 

B.1 Introduction 

The samples were quantified for overall HA and CS mass and concentration. 

Based on these calculations, the mass and concentration recovered were also 

determined. Using these values and Fick’s first law, a time constant and permeability 

were estimated thus allowing the different experimental groups to be compared.  

B.2  Mass and Concentration 

Samples (A, 0), (A, 72), (B.S, 24), (B, 72) 

Hyaluronan (HA) concentrations, 𝑐𝐻𝐴(𝑡), were quantified for the collected 

samples using an enzyme-linked immunosorbent assay (ELISA)-like assay (R&D 

Systems, Minneapolis, MN) [3]. Chondroitin sulfate (CS) concentrations were assayed 

using dimethylmethylene blue (DMMB) dye [2]. The total mass m of a molecule i 

(HA or CS) in the chamber j (A, B, B.S) was calculated by multiplying the 

concentrations by the chamber volumes V:  

 

𝑚𝑖
𝑗(𝑡) =  𝑐𝑖

𝑗(𝑡) * 𝑉𝑗 (𝑡) , (1) 

 
where t is the time point (0, 24, 72 h) and the chamber volumes are given in Table 2.3.  
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Sample (A, 0R) 

The recovered mass and concentration were calculated from the directly 

measured samples. The total mass recovered was: 

 

𝑚𝑖
𝐴(0𝑅) =  𝑚𝑖

𝐵.𝑆(24) +  𝑚𝑖
𝐵(72) + 𝑚𝑖

𝐴(72). (2) 

 

 The recovered concentration was the recovered mass divided by the volume in 

Chamber A:  

 𝑐𝑖𝐴(0𝑅) =  𝑚𝑖
𝐴(0𝑅)
𝑉0𝐴

. (3) 

B.3  Hyaluronan Molecular Weight Distribution 

Samples (A, 0), (A, 72), (B.S, 24), (B, 72) 

The fraction (F) of HA in 2.5-7, 1-2.5, 0.5-1, and 0.25-0.5 MDa bins was 

determined by gel electrophoresis [4] and MATLAB image processing. The 

concentration in a given molecular weight bin was determined by multiplying the 

fraction by the HA concentration from the ELISA: 

𝑐𝐻𝐴[𝑏𝑖𝑛]
𝑗 (𝑡) =  𝐹𝐻𝐴[𝑏𝑖𝑛]

𝑗 ∗  𝑐𝐻𝐴
𝑗 (𝑡). (4) 

 
Assuming that the sample in the gel has the same MW distribution as the sample in the 

chamber, the MW distribution of the chamber by mass was then calculated by 

multiplying the fraction by the total mass in the chamber:  
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𝑚𝐻𝐴[𝑏𝑖𝑛]
𝑗 (𝑡) =  𝐹𝐻𝐴[𝑏𝑖𝑛]

𝑗 ∗  𝑐𝐻𝐴
𝑗 (𝑡) ∗   𝑉𝑗 (𝑡). (5) 

 
Sample (A, 0R) 

The recovered fraction, concentration, and mass per bin were calculated from 

the measured samples. The mass recovered per bin was calculated from the mass in 

each sample from the same bin: 

𝑚𝐻𝐴[𝑏𝑖𝑛]
𝐴 (0𝑅) =  𝑚𝐻𝐴[𝑏𝑖𝑛]

𝐵.𝑆 (24) +  𝑚𝐻𝐴[𝑏𝑖𝑛]
𝐵 (72) +  𝑚𝐻𝐴[𝑏𝑖𝑛]

𝐴 (72). (6) 

 

The fraction recovered was thus: 

 𝐹𝐻𝐴[𝑏𝑖𝑛]
𝐴 (0𝑅) =  

𝑚𝐻𝐴[𝑏𝑖𝑛]
𝐴 (0𝑅)

𝑚𝐻𝐴
𝐴 (0𝑅) . (7) 

 

The recovered concentration was:  

𝑐𝐻𝐴[𝑏𝑖𝑛]
𝑗 (0𝑅) =  

𝑚𝐻𝐴[𝑏𝑖𝑛]
𝐴 (0𝑅)

𝑉0𝐴
. (8) 

 

B.4 Time Constant and Permeability Estimates  

The diffusion wells were modeled using Fick’s first equation, which states:  

𝐽 =  −𝐷 𝜕𝑐𝑀
𝜕𝑥

, (9) 
 

where J is the flux of the molecule in units of mass per area per time, D is the 

diffusion coefficient with units of length squared per time, c is the concentration in 

units of mass per length cubed, and x is the position in the membrane in length. By 

relating permeability to the diffusion coefficient and assuming 𝑐𝑖𝐴(𝑡) ≫  𝑐𝑖𝐵(𝑡) [1], 

Eq.(1) was simplified and solved to give:  
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𝑐𝑖
𝐴(𝑡)

𝑐𝑖
𝐴(0𝑅)

=  𝑒−
𝑡
𝜏, (10) 

 
where 𝑐𝑖𝐴(𝑡) is the concentration of Chamber A for molecule i at time t, 𝑐𝑖𝐴(0𝑅) is the 

recovered concentration of Chamber A, and τ is the time constant [1]. The 

concentration of Chamber A at 0 h was also the concentration of Chamber A after 

recovery. The concentration of (A, 24) was calculated from the mass, and the 

concentration of (A, 72) was directly measured.  

 

𝑐𝑖𝐴(0) = 𝑐𝑖𝐴(0𝑅). (11) 

𝑐𝑖𝐴(24) = 𝑚𝑖
𝐴(0𝑅)− 𝑚𝑖

𝐵(24)
𝑉0𝐴

 . (12) 

 
By fitting the concentration of Chamber A at 0, 24, and 72 h to Eq.(10), time constant 

estimates were determined for overall polydisperse HA. Concentrations at 0 and 72 h 

were used to calculate molecular weight time constants. The permeability P was then 

calculated from the time constant, membrane area a, and Chamber A volume 𝑉0𝐴, as 

follows [1]: 

 

𝑃 =   𝑉0𝐴

𝑎𝜏
. (13) 

 

B.5 Mass Remaining in Chamber A 

Similarly, the ratio of i remaining in Chamber A was calculated based on the 

mass of (A, 0R), (B, 24), (A, 72).   

 



84 
 

  
 

𝑚𝑖
𝐴(0)

𝑚𝑖
𝐴(0𝑅) = 𝑚𝑖

𝐴(0𝑅)
𝑚𝑖
𝐴(0𝑅) = 1. 

 
(14) 

𝑚𝑖
𝐴(24)

𝑚𝑖
𝐴(0𝑅) = 𝑚𝑖

𝐴(0𝑅)− 𝑚𝑖
𝐵(24)

𝑚𝑖
𝐴(0𝑅)  . 

 
(15) 

𝑚𝑖
𝐴(72)

𝑚𝑖
𝐴(0𝑅) = 𝑚𝑖

𝐴(72)
𝑚𝑖
𝐴(0𝑅). 

 
(16) 

 
The above calculations for time constant, permeability, and fraction remaining in 

Chamber A can be applied to either molecule (HA or CS) and to specific molecular 

weight bins, if applicable. 
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