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Abstract 

Osteoarthritis (OA) is a degenerative disease of articular joints characterized by 

progressive deterioration of the cartilage lining, subchondral bone destruction and 

thickening of the joint capsule.  These tissue changes lead to symptomatic joint pain and 

joint dysfunction, leading to restrictions on daily life activities.  Intra-articular injections 

of corticosteroids or anti-inflammatory compounds are commonly given to relieve 

symptoms associated with OA; however, rapid clearance of these compounds from the 

joint space and into draining synovial lymphatics necessitates the use of drug carriers to 

increase drug residence and efficacy.   

Silk fibroin, a protein polymer from the mulberry silkworm (Bombyx mori) and of 

slow biodegradation in vivo, has a long history of clinical use.  Silk fibroin can be 

fabricated into nano- and micro-particles capable of entrapping small-molecule drugs to 

provide for sustained release.  For this work, silk microparticles were fabricated 

entrapping the near-infrared fluorescent dye, Cy7, as a model small-molecule drug.  The 

release kinetics of the Cy7 from the silk microparticles were characterized in vitro and 

fluorescence in vivo imaging was used to study the clearance of silk microparticles 

following intra-articular injection in healthy rat knee joints. 

Furthermore, a surgically-induced model of OA was used in rat knee joints to 

study the effect of OA pathology on intra-articular clearance.  Fluorescently-labeled 
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dextrans of varying size (10 and 500 kDa molecular weight) were intra-articularly 

injected in the knee joints of healthy and OA rats, and fluorescence in vivo imaging was 

employed to detect changes in the intra-articular clearance.  Additionally, a new method 

to characterize the trans-synovial clearance of the fluorescent dextrans was developed 

using the confocal microscopy of joint tissue sections from healthy and OA joints.   
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1. Introduction 

1.1 Osteoarthritis of the knee joint 

Osteoarthritis (OA) is a degenerative disease of articular joints that impacts 

nearly 27 million Americans or 12.1% of US adults [1] .  The disease is characterized by 

progressive deterioration of the cartilage lining, subchondral bone destruction and 

thickening of the joint capsule [2-4].  These tissue changes lead to symptomatic joint pain 

and dysfunction, loss of range of motion, and restrictions on daily life activities [5].  

Though the exact initiator of osteoarthritis is not known definitively, various risk factors 

have been associated with its presentation: eg. joint injury, age, sex, obesity, nutritional 

deficiencies, genetics, etc. [6].  Through the histological study of tissue structures and 

advances in intra-operative and non-invasive imaging, clinicians have uncovered many 

details regarding the progression of osteoarthritis suggesting opportunities for 

intervention [7].  

1.1.1 Anatomy of the diarthrodial joint 

The knee is a diathrodial joint, composed of the cartilage lining the ends of long 

bones, connective tissue, such as the ligaments, tendons, and menisci, and 

compartmentalized by a joint capsular tissue called the synovial membrane.  The 

synovial membrane segments the environment of the joint space from the surrounding 

muscle.  In addition to the synovial membrane, synovial fluid, a viscous solution of 
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macromolecules and proteins, is present inside the joint cavity and acts as a lubricant for 

joint tissues during ambulation. 

1.1.2 Pathological changes 

Radiographic imaging has revealed that the disease results in the progressive 

thinning of the cartilage lining, which is thought to be a result of chondrocyte 

hypertrophy.  This change in phenotype produces a destructive loss in collagen and 

proteoglycan of the extracellular matrix (ECM) through the upregulation of proteolytic 

enzymes and metalloproteinases (MMP3, and later MMP13) and reduces transcription of 

collagen [8].  This eventually leads to cartilage lesions, osteophyte formation or cell 

death [9].   The thinning of the cartilage is accompanied by changes in the subchondral 

bone indicative of destructive signaling that is both inflammatory and regenerative 

(TGF-β, PGE2, and IL-6) [8, 10, 11](Figure 1).  Degradation products of the cartilage ECM 

and released cytokines (IL-1β, TNF, and IL-6) can be found at elevated levels in the 

joint’s synovial fluid [12, 13]. These levels can alter the phenotype of the neighboring 

synovium membrane, resulting in synoviocyte hypertrophy and increased metabolic 

behavior [14].  This process can form a positive feedback loop that further exacerbates 

the joint environment and pushes tissues down the spiral of osteoarthritis that leads to 

complete joint destruction (large cartilage lesions, osteophyte formation, bone cysts, and 

synovial hypertrophy).  Such severe osteoarthritic joints require total knee replacement 

to restore joint function and reduce symptomatic pain. 
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Figure 1: Cytokine involvement  in OA pathogenosis. The cytokines IL-1β, IL-

6, and TNF are all elevated in synovial fluid in OA [12]. 
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1.2. The synovial membrane 

The cells of synovial membrane are not physically connected by gap junctions, 

but rather are interspersed within an extracellular matrix of collagen fibers, sulphated 

and non-sulphated glycoaminoglycans, and proteoglycans that provide the tissue with a 

loose but continuous structure [15, 16].  The hydraulic drag created by the components 

of the extracellular matrix limit the escape of hyaluronan and other synovial fluid 

components that maintain the synovial fluid viscosity and provide lubrication of joint 

tissues.  The dense distribution of extracellular matrix throughout the synovium creates 

a porous membrane of cylindrical channels (~33-59 nm wide) that allow for the diffusion 

of molecules across the synovium based on hydrostatic pressure, concentration 

gradients and convection [17].  Therefore, changes to the composition of the extracellular 

matrix of the synovium has significant bearing on the trans-synovial transport.  In one 

study, it was shown that the use of the collagen-sparing, but proteoglycan-eroding, 

protease, chymopapain, could increase the permeability of hyaluronan through the 

synovium by as much as ~13 fold [18].   The presence of increased catabolic enzymes and 

proteases associated with osteoarthritis could contribute to changes in the permeability 

of the synovium, thus affecting transport of molecules from the joint space.   

1.2.1 Vasculature of the Synovial Membrane 

Within the synovium, synovial capillaries are located just beneath the superficial 

synovial lining cells (10-30 μm deep) at a high density and are more sparsely distributed 
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throughout the lower lying subsynovial tissue [19-22].  These vessels are fenestrated 

towards the joint cavity, suggesting an evolutionary adaptation for transport of 

nutrients and biomolecules into and out of the joint space (Figure 2).  These fenestrae are 

~50 nm in width and allow for the exchange of molecules that can diffuse through the 

synovial extracellular matrix to the synovial capillary bed [15, 19]. Deeper in the sub-

synovium, an increasing frequency of synovial lymphatic vessels can be discovered.  

These vessels have openings that are long and flat, and due to a positive pressure 

gradient between lymphatic vessel openings and the interstitial fluid, these vessels 

convey the bulk of fluid transport out of the joint [23].  Additionally, the kinetics of 

macromolecule transport from the joint suggests that these vessels clear biomolecules in 

a manner that is indiscriminant of molecular size [24, 25].  Once the biomolecule has 

diffused through the extracellular matrix in the synovium, the molecule is taken up with 

the interstitial fluid into the lymphatic vessel by convection and rapidly cleared away 

from the joint.  
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Figure 2: Diagram of molecular transport into and out of diarthrodal joints.   

Size-dependent transport occurs via the synovial capillaries and venules, transporting 

molecules small enough to diffuse through the capillary fenestrae and venule 

interstitium.  Size-independent transport occurs via the synovial lymphatics, which 

transport molecules away from the joint cavity that diffuse through the synovial 

extracelluar matrix [24]. 
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1.2.2. Joint effusion and clearance 

Joint effusion, the accumulation of fluid in the joint that results in increased intra-

articular hydrostatic pressure, is considered a potential complication and exacerbate of 

the osteoarthritis state.  It is unclear if the cause of joint effusion is due to hyperplasia of 

synoviocytes, modulation of the components of the extracellular matrix of the synovium, 

distribution of the lymphatic vessels within the synovium, or the malfunction of 

lymphatic vessels in clearing interstitial fluid.  Though it is likely that many of these 

factor work in concert, a few investigators have interrogated these different effectors of 

effusion to understand how they impact clearance.  Walsh and colleagues compared 

human synovium taken from OA patients and healthy cadavers and determined that 

lower lymphatic vessel density and lower lymphatic endothelial cell area were 

associated with the presence of clinically detectable joint effusion but not synovitis [26].  

This finding would suggest that lymphatic vessel distribution and density affect joint 

clearance in OA more strongly than synovial hypertrophy.  Shi and colleagues 

employed a mouse meniscus ligamentous injury (MLI) model of OA to evaluate the 

effects of disease on differential lymphatic distribution, maturity, and function [27].  To 

induce the injury model, a small medial incision was made in the right hind knee and 

the anterior attachement of the meniscus was transected and a portion of the meniscus 

was removed.  By this model, researchers observed a mild progression of OA in 12 

weeks and a severe presentation of OA at 20 weeks.  Interestingly, they discovered that 
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lymphatic capillaries are increased in density in mild OA, and mature lymphatic vessels 

are decreased in abundance in severe OA (Figure 3).  They also observed that the 

synovial membrane thickness increased in OA mice versus healthy control mice.  While 

the reduction in mature, downstream lymphatics can explain effusion and reduced 

lymphatic function, the inflammation of the synovium cannot be ruled out as a 

confounding variable contributing to decreased lymphatic clearance.  Nonetheless, the 

results convey the interplay between lymphatic function, lymphatic vessel distribution 

and synovial hypertrophy in OA.  

 

 

Figure 3: Changes in lymphatic vessel density and maturity in mild (12wk 

MLI) versus severe (20wk MLI) murine model of OA [27]. 
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1.3 Pharmacological treatment of OA 

While no cure for osteoarthritis exists, various pharmacological approaches have 

been developed to address joint pain and restore joint function.  The first and most 

widely prescribed pharmacological treatment for osteoarthritis is the oral administration 

of non-steroidal anti-inflammatory drugs (NSAIDs), which reduces inflammation and 

treats symptomatic pain.  While NSAIDs have been shown to have an effect on pain 

management, the long term use of systemic NSAIDs does not modify OA progression 

and has been associated with side-effects.  When NSAID therapy provides no benefit, 

intra-articular injection of corticosteroids may be prescribed [28].  While corticosteriods 

and other disease-modifying drugs may have symptomatic benefits when administered 

directly to the affected joint, their benefits are limited by the rapid clearance of 

molecules drugs from the knee joint [24, 29, 30].  The symptomatic effects of 

glucocorticoid injections are often short-lived (1-4 weeks), necessitating frequent 

injections to maintain efficacy [31, 32].   Small-molecule drugs, such as methotrexate and 

diclofenac may also have therapeutic potential for the treatment of arthritis symptoms, 

but have also been shown to have intra-articular half-lives as short as one to two hours 

following intra-articular injection [33, 34] (Table 1).    

Alternatively, different formulations of hyaluronic acid, a larger macromolecule 

produced by the cells of the joint for viscosity, has been injected intra-articularly and 

long-term studies suggest that the therapy produces a sustained analgesic effect over 
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several weeks [35, 36].  As a result, the FDA has approved no less than five different 

intra-articular formulations of hyaluronic acid for the treatment of mild to moderate 

knee OA.  However, such therapies still fail to address the unmet need for truly, disease-

modifying drugs to alter the progressive path of joint destruction and reduce the need 

for frequent injections.  Small-molecule drugs, such as those that target the inhibition of 

MMP activity, the deactivation of osteoclasts, and the prevention of inflammatory 

cytokine up-regulation, have the potential to intervene in the OA disease pathway [37, 

38].  To maximize the efficacy of these drugs, we must address the challenge of 

sustained drug delivery to the knee joint and rapid intra-articular clearance. 
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Table 1: The intra-articular half-life of different compounds and their 

molecular weight [39].  
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1.3.1 Intra-articular drug delivery vehicles 

 In order to increase the residence time of small-molecule drugs that may have 

efficacy in treating arthritis, a broad set of drug delivery strategies have been developed 

that can allow for the slow and sustained release of drug into the articular cavity [40]. 

These strategies include encapsulation of drug in natural materials, such as chitosan, 

alginate, albumin protein, and elastin-like polypeptides, as well as synthetic materials 

such as polymers and lipids (Table 2).  Polymeric, drug-loaded particles, such as those 

constructed from materials like poly-(lactide-co-glycolide) acid (PLGA) have been most 

widely studied for the delivery of small molecules to the joint space, and are now the 

subject of a clinical trial for the delivery of triamcinolone [41-44].  Similarly, liposomes 

have been developed to release dexamethasone following delivery to the joint space [45-

47].  These clinical studies demonstrate that synthetic microparticles have utility in 

releasing drug following intra-articular delivery, yet to date no polymeric drug delivery 

system has been approved by the FDA for intra-articular administration in humans [29, 

46].   

While polymeric and lipid carriers have been most widely proposed, naturally 

derived delivery vehicles may provide the benefit of biocompatibility and low cost.  One 

of the earliest demonstrations of a biologically-based drug carrier systems for intra-

articular injection were albumin microparticles, formed by emulsion and cross-linking, 

for the delivery of rose bengal [48].  In vitro release studies showed that drug was poorly 
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retained within the microparticles during incubation in serum, which was further 

confirmed by in vivo studies that revealed little difference in joint concentration between 

free drug injection and drug-loaded particles after 24 hours.  Alternatively, elastin-like 

polypeptides (ELPs), recombinant proteins based on a native elastin sequence that can 

transition into drug depots in situ, provide another example of a pseudo-naturally 

derived delivery vehicle that has utility in increasing protein drug residence times in the 

joint space [49-51].  Betre and co-workers utilized an ELP system to intra-articularly 

deliver a protein drug (IL1-Ra) and achieved a joint half-life of 3.7 days [50].  Allen and 

colleagues showed the ELP delivery system proved more efficacious than a single 

injection of IL-1Ra alone within the first 6 days post-treatment, by histological and 

symptomatic measures in a rat IL-1β over-expression model of OA [52, 53].  Similarly, 

Thakkar and co-workers applied chitosan microspheres to deliver the small-molecule 

drug, celecoxib, by intra-articular injection in a rat model of adjuvant-induced OA.  

Though in vitro studies revealed that the full load of drug was released within the first 

96 h, the extended release of the chitosan microspheres had a significant effect on the 

reduction on OA lesions in vivo when compared to the saline control and celecoxib 

suspension  at 18 d post-injection [54].  Such studies highlight the potential of our 

natural drug delivery systems, paired with a potent drug, to have disease-modifying 

efficacy over multiple weeks or months.  
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Table 2: List of intra-articular drug delivery vehicles 

Type Material Size  Drug Reference 

Natural     

 Gelatin 2.5-12μm  Flubiprofen [55] 

 Chitosan 8-15μm Celecoxib [54, 56] 

 Chitosan n/a Prednisolone [57] 

 ELP n/a IL-1Ra [58] 

 Albumin 23μm Prednisolone [59] 

 Albumin 3-6.5μm Celecoxib [60] 

 Gelatin 45-75μm bFGF [61] 

Synthetic     

 PLLA 60-300μm Methotrexate [42] 

 PLGA 5-10μm Diclofenac sodium [62] 

 PLGA 100-200nm Betamethasone sodium phosphate [63] 

 PLGA 25-35μm siRNA [64] 

 PEG 10μm Celecoxib [65] 

 PCL 60-300μm Quercetin [66] 

 PLGA 7-47μm Methylprednisolone [67] 

 PLA 10-105μm paclitaxel, 40mg [68] 

 Liposomes ~250nm Celecoxib [69] 

 Liposomes 200-800nm Dexamethasone palmitate [70] 
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1.4 Silk fibroin biomaterials 

Silk from the mulberry silkworm, Bombyx mori, is a protein polymer made up of 

spun fibers secreted from specialized glands [71].  These fibrous proteins are composed 

of highly-repetitive sequences of amino acids that imbue the ability to form beta-sheet 

secondary structures of stacked hydrophobic domains.  The beta-sheet rich domains 

form crystalline regions within the biomaterial providing it with unique mechanical 

properties and high environmental stability.  Specifically, these crystalline regions are 

nearly impenetrable to water and yield desirable degradation properties in vivo [72-74].  

Silk fibroin, the actual biomaterial used clinically, is the degummed protein material that 

has proven to be non-immunogenic and suitable for implantation [75].  As such, silk 

fibers have a long history of clinical use as a biomaterial, particularly as sutures and 

more recently as a new FDA-approved medical device [76].  In order to prepare silk 

fibroin from silk cocoons, the cocoons must be boiled in sodium bicarbonate to extract 

the inflammatory sericin residue.  After rinsing, the silk fibers must then be solubilized 

in a strong solvent (LiBr) and dialyzed into distilled water for storage and future 

materials fabrication (Figure 4).  From this silk solution (~7-8% w/v) many different 

forms of silk biomaterials (eg. scaffolds, films, vesicles, and gels) can be synthesized by 

inducing the silk fibers to aggregate and become insoluble.   
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Figure 4: Method for processing silk coccons in to silk fibroin solution for silk 

biomaterials fabrication [77]. 
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1.4.1 Chemical properties 

Though silk fibroin is highly resistant to hydrolytic cleavage, it is still susceptible 

to biodegradation via protease and enzymatic attack.  However, during the 

crystallization of hydrophobic domains in the silk fibroin, the formation of unique 

conformational structures are thought to influence the rate of degradation of the 

biomaterial.  The extent of these structures can be determined by evaluating the 

conformation of the silk fibroin by Fourier Transform Infrared Spectroscopy (FTIR).  Jin 

and colleagues determined that silk films formed via water annealing or methanol 

dehydration had a greater content of silk II crystalline structures (1697 cm-1, 1627 cm-1, 

1528 cm-1) than silk films formed by slow drying, which resulted in greater silk I content 

(1658 cm-1, 1652 cm-1) (Figure 5)[78].  The increased content of silk II structures was 

associated with slower degradation rates and greater crystallinity, while greater silk I 

content was associated with faster degradation rates.  Furthermore, since water 

annealing can provide a similar increase in β-sheeet content, it can be used as an 

alternative to methanol dehydration which may be too harsh for some biological 

applications.  These strategies has been employed for various drug delivery and tissue 

engineering applications in which prolonged retention of biomaterial structure and 

physical properties are necessary in vivo [77].   
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1.4.2. Drug-loading silk biomaterials 

In order to use silk fibroin as a drug delivery device, drugs can be incorporated 

into the silk fibroin matrix by direct conjugation or by mixing the drugs into silk 

solution prior to induction of β-sheet formation.  Tsioris and colleagues formed drug-

loaded silk fibroin microneedles with both a large protein model drug, horseradish 

peroxidase, and a small molecule model drug, tetracycline, by simply mixing each 

model drug into the silk solution prior to casting the silk films over an etched surface 

[79].    For such an application, this strategy can give greater control over concentration 

of incorporated drug, as all the drug added is incorporated into the final 

 

Figure 5: FTIR of silk films formed by (a) slow-drying, (b) water-annealing, 

and (c) methanol dehydration.  Random coil (1538 cm-1), silk I (1658 cm-1, 1652 cm-1) 

and β-sheet structure (1697 cm-1, 1627 cm-1, 1528 cm-1) were observed and the spectra 

correspond with protein behavior typical of silkworm silk fibroin [78]. 



 

19 

biomaterial with very little drug loss.  However, for other self-assembled drug delivery 

devices, the affinity of the drug for the silk matrix becomes the driving factor for drug 

loading.  Lammel and coworkers showed that small-molecules of similar size are 

differentially loaded into silk self-assembled depots based on their hydrophobicity 

(Figure 6).  Drugs of similar hydrophobicity, like alcian blue, will be favorably 

entrapped in the dense silk matrix by hydrophobic interactions with the silk β-sheets, 

while hydrophilic molecules, like Rhodamine B, will be less efficiently loaded (~1-20% 

weight drug/weight silk) [80, 81].  Similarly, release rates from the silk biomaterials 

under degradation were higher for hydrophilic drugs compared to hydrophobic drugs.   

Alternatively, Sofia and coworkers leveraged silk fibroin’s chemical stability in 

different solvents for the chemical conjugation of a peptide drugs [82].  To prepare for 

coupling, silk fibroin mats were immersed in PBS prior to incubation with EDC/NHS for 

activation of the carboxylic groups on residues in the silk fibroin peptide sequence.  

Immediately following activation, peptides bearing free primary amine groups can be 

reacted to form covalent amide bonds to the silk fibroin backbone.  The advantage of 

this approach is the diversity of drugs that can be incorporated into the silk matrix; 

however, due to the limited extent of aspartic and glutamic acid residues (2-3% of silk 

residues) [83], the total load of drug incorporated into the silk biomaterial is limited.  

This limitation can be overcome by modifying tyrosine residues on the silk fibroin 

backbone to increase the content of carboxylic groups for coupling [84].  If only a lower 
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content of conjugation is required (less than a 1:5 molar ratio drug:silk), then 

succinimidyl chemistry targeting free primary amines of silk fibroin molecules is 

sufficient.  These amine residues are located in hydrophilic regions of the peptide chain 

and can still be accessed after β-sheet formation has been induced.  This allows for drug 

conjugation both before and after biomaterial fabrication.  These attributes make silk 

fibroin a highly versatile protein for drug delivery. 

 

Figure 6: Model drug loading efficiency baseed on molar ratio of drug to silk 

fibroin.  The loading effeciencies are also a function of the hydrophobicity of the 

selected molecule.  Alcian Blue is the most hydrophobic, followed by Crystal Violet, 

and Rhodamine B is the most hydrophilic, resulting in the lowest drug loading 

efficiency [80].  
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1.4.3 Silk fibroin microparticles 

Wang and colleagues developed a method for fabricating silk fibroin micro- and 

nanoparticles for drug delivery by emulsing silk fibroin in poly-vinyl alcohol (PVA).  

Silk fibroin (5% w/v) is mixed with poly-vinyl-alcohol (5%) in a 1:4 mixture, and stirred 

moderately before drying the mixture into a film overnight in a petri dish.  The resulting 

film is then immersed in water to release formed micro- and nanoparticles, and 

centrifuged for separation from aqueous PVA (Figure 7).  The application of sonication 

energy to the silk-PVA mixture produces nanoparticles of varying diameter, depending 

on the duration and energy employed.  Thus, silk particles of various sizes (~100 nm-50 

μm) can be reproducibly prepared with slow drug release rates (5-50% in first 168h) [81].   

These micro- and nanoparticles offer many advantages for intra-articular drug delivery.  

First, the particles can easily be re-suspended in the appropriate diluent for joint 

injection.  Additionally, the biocompatibility of the silk fibroin suggests that silk 

particles and their degradation products should not elicit an inflammatory response.  

Because the size of the silk particles is bigger than that of the small-molecule drugs, 

delivering the drugs inside the micro- and nanoparticles should reduce the bulk 

clearance of drug from the joint space and increase the joint residence time.  The slow 

degradation of the silk fibroin matrix ensures that the resident particles will provide a 

slow and sustained release of drug, rather than the burst release of some synthetic  
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delivery platforms.  Moreover, silk particles can be tailored for various size ranges, 

allowing for the optimization of particle dimensions for both sufficient cellular 

endocytosis and reduced joint clearance.  Lastly, drugs can be loaded into silk particles 

by mixing or direct conjugation.  This flexibility ensures that most small and some large 

molecule drugs can be delivered to the joint. 

 

 

Figure 7: Silk microparticle formed by PVA emulsion with methanol 

dehydration post-processing.  Inset shows the dense microporous structure inside of 

silk microparticles [81]. 

 



 

23 

1.5 Intra-articular Biodistribution 

To evaluate the utility of silk fibrion micro- and nanoparticles for intra-articular 

drug delivery, it is necessary to quantify the extent to which the particles increase drug 

residence as compared to the residence of the drug injected alone in suspension.  

Historically, these sorts of experiments would have been performed with radioisotopes 

and gamma counters to measure the radioactive emissions.  These tools, combined with 

systemic circulation values of radioactivity, formed the gold standard for evaluating the 

kinetics of biodistribution following intra-articular delivery.  However, new methods of 

imaging and synthetic chemistry have given the field new tools for studying intra-

articular clearance. 

1.5.1 Scintographic distribution studies 

In order to study the rates of clearance of proteins and macromolecules from the 

joint space, clinicians and researchers first employed scintiographic methods in the 

1950s [85, 86].  Jacox and colleagues used radioactive sodium to study transport across 

the synovial cavity of normal human knee joints.  The radioisotope provided a high 

signal-to-noise ratio such that joint clearance kinetics based on the diminishing gamma 

signal from the cavity could be determined.  Researchers could then make comparisons 

between healthy and disease joints associating functional measures, like clearance 

kinetics, with markers of disease conditions (biomarkers, joint effusion, pain, etc.).  

Harris and coworkers determined that joint clearance of radiosodium increased with 
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joint effusion and disease activity in patients suffering from rheumatoid arthritis (RA) 

[86].  As the sensitivity of scintigraphic tools advanced, more functional measures of 

joint clearance could be obtained (e.g. joint distribution volume, clearance into lymph 

nodes and systemic accumulation).   

Radiosodium, radio-iodide and radioactive xenon can be used to approximate 

the intra-articular clearance kinetics of small-molecules.  In order to understand how 

larger molecules, such as hyaluronan and albumin, are transported from the joint space, 

radiolabeled proteins and macromolecules were necessary.  Utilizing biochemistry to 

produce radiolabeled hyaluronan in E. coli, Antonas and colleagues studied the intra-

articular trafficking of radiolabelled hyaluronan [87].  By this method, they could 

determine the turnover of endogenous hyaluronan, exogenous hyaluronan trafficking 

into various adjacent tissues, and clearance into downstream lymph nodes.   

Similarly, Wallis and coworkers utilized radiolabelled albumin to study the 

clearance rates and volume of distribution of macromolecules in patients with OA and 

RA [30].  The results revealed that patients with RA had significantly faster protein 

clearance rates and tended to have higher volumes of distribution within the joint space 

(Figure 8).  From these studies, it became clear that large molecules (>10 kDa) are 

retained in the joint longer than small molecules (<10 kDa), and the partial sieving of 

molecules must occur via the joint synovium.  From radiolabeled albumin studies, J. R. 

Levick would developed a mathematical description for the phenomena of 
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macromolecule reflectance by the synovial membrane [88].  In his analysis, the intra-

articular half-lives of molecules such hyaluronan and synovial proteoglycans can be 

compared to the half-life of albumin, which is negligibly reflected, to define a reflection 

factor of the solute by the synovium [89].  Molecules that are even smaller, like glucose 

will be cleared at a rate greater than albumin and will therefore have a negative 

reflectance factor.  While all of these experiments have aided in the study of intra-

articular transport, the use of radioactive material is no longer desirable for clearance 

studies, and little spatio-temporal information, such as trans-synovial transport 

mechanisms and kinetics, can be gained. 

 

Figure 8: Scintigraphic study of the intra-articular clearance of radiolabelled 

molecules in human RA and OA patients.  A. Scintigraphic image of articular scan.  

Later knee intra-articular radio-iodide and labelled human serum albumin (RISA) 

indicates that albumin activity in the joint declines more slowly than radio-iodide. B. 

Scattergram of calculated synovial clearance values of iodide and RISA in RA vs OA 

patients based on external radioactivity detection [30]. 
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1.5.2 Biodistribution by Fluorescence and In-vivo imaging 

As an alternative to scintigraphic methods, the use of fluorescence has been 

increasingly employed to the study of intra-articular transport and drug delivery.  

Horisawa and colleagues utilized fluoresceinamine, a fluorescent molecule that absorbs 

and emits light at 495 and 520 nm respectively, to track the endocytosis of poly(lactic-co-

glycolic-acid) (PLGA) micro- and nanospheres following intra-articular injection in rat 

knee joints [90].  Additionally, the distribution of the fluorescamine-PLGA (FA-PLGA) 

particles into the synovial tissue allowed the researchers to infer about inflammatory 

responses to particles of various sizes, as well as potential clearing mechanisms.  Cross-

sectional, fluorescence images of the joint tissue reveal that larger particles are mostly 

reflected by or sequestered by multi-nucleated giant cells forming granulation tissue as 

they endocytose the particulates.  Nano-sized particulates were either readily endocytosed 

or diffused into the sub-synovium within 7 days (Figure 9).  

Further advances in the chemistry of fluorescent dyes would result in the 

introduction of indocynanie green dye (ICG) and other near-infrared dyes.  These dyes 

are molecules that can be excited by and fluoresce with wavelengths on the far-red to 

infra-red range of the ultraviolet spectrum (700-900 nm).  These wavelengths have 

greater energy and are able to travel centimeters into biological tissues providing the 

opportunity to perform fluorescence imaging on living organisms at physiologic depths 

[91, 92].   This is useful for not only determining how long drugs and drug delivery 

vehicles are resident in the joint, but also for evaluating differences in how drug is 

distributed in joint tissues.  In order to achieve this, specialized imaging systems must be 
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used that can provide anesthesia for the animal, laser excitation above 700 nm, a CCD 

camera, and filters to omit background fluorescence.  Such imaging systems are produced 

by Kodak (Fx Pro), Perkin Elmer (IVIS Lumina/Kinetic), and Li-Cor (Pearle). 

 

 

Figure 9: Photomicrographs of synovial tissue after FA-PLGA particle intra-

articular injection (magnification: X 25).  A. 7 days post-injection H.E. stain and 

fluorescence image, respectively, reveal that nanoparticles are able to penetrate the 

synovial lining and pass into the subsynovial tissue.  C-D. 3-day post-injection H.E. 

stained and fluorescence image, respectively, reveal microparticle sequestration by 

granulation tissue formed by multi-nucleated giant cells.  The microparticles were not 

transferred to the subsynovium [90]. 

Lee and colleagues first employed a near-infrared fluorescence to intra-articular 

drug delivery when they covalently coupled the dye, Hi-Lyte 647, to hyaluronic acid 
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labelled gold nanoparticles [93].  Following injection of the fluorescent HA-gold 

particles, researchers could detect accumulation of the particles by imaging the mice on 

the IVIS Lumina imaging system (680/710 nm, ex/em).  The researchers observed that 

following intra-articular injection in mice, the HA-gold particles were retained in arthritic 

joints much longer than in healthy joints.  Furthermore, following systemic 

administration of the HA-gold particles, they observed preferential accumulation of the 

HA-gold nanoparticles to the paw and knee joints of arthritic mice as compared to joints 

of healthy mice.  Whitmire and colleagues employed a similar strategy to label self-

assembled nanoparticles carrying a protein drug, IL-1Ra, for arthritis therapy [94].   By 

near infrared fluorescence imaging, they determined that the receptor antagonist-labeled 

nanoparticles were retained in the knee joints of rats with a fluorescence decay of 3.1 ± 

0.09 days, longer than injected soluble IL-1Ra alone (0.96 ± 0.08 days)(Figure 10).  

Furthermore, cross-sections of joint tissues revealed that nanoparticles contributed to 

increased accumulation of IL-1Ra into cartilage and synovium tissues as compared to IL-

1Ra alone.   Such studies reveal the advantage of fluorescence, in vivo imaging for 

elucidating tissue distribution in addition to clearance kinetics.   
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Figure 10: In vivo fluorescence imaging following intra-articular injection.  A. 

Serial images of rat knee joints following injection with either soluble IL-1Ra or IL-

1Ra immobilized nanaoparticles with a NIR probe.  The nanoparticles contribute to 

greater localizationa and persistence within the join.  B. Quantitative analysis of joint 

fluorescence over time.  IL-1Ra nanoparticles result in joint fluorescence half-life of 

3.01 (±0.09) days vs. 0.96 (±0.08) days for soluble protein alone.  C. Biodistribution and 

retention of the nanoparticles can be visualized by fluorescence microscopy of 

sectioned tissue.  Nanoparticles contribute to greater localization within joint tissue 

after 3 days [94].    
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1.6 Central Hypothesis and Aims 

The central hypothesis of this research is that the clearance of small-molecule 

drugs across the joint capsule can be attenuated by incorporation of the drug inside silk 

fibroin microparticles for intra-articular delivery.  Furthermore, this research 

investigated the hypothesis that osteoarthritis-like pathology can have a significant and 

differential effect on the clearance of drug-delivery vehicles based on particle size.  

As part of Aim 1, silk fibroin microparticle drug delivery vehicles were 

fabricated following conjugation of a near-infrared dye, Cy7, which would serve as a 

model small-molecule drug.  Chapter 2 describes the characterization of the silk 

microparticles for size, poly-dispersity, and in vitro release of Cy7 (Aim 1).  Chapter 3 

describes the characterization of joint clearance and distribution following intra-articular 

injection of the silk microparticles in rats using fluorescence in-vivo imaging (Aim 1).  

Chapter 4 describes the study of intra-articular clearance of fluorescently-labeled 

dextrans of varying size in healthy and arthritic rat knee joints using a surgical model of 

OA (Aim 2).  Chapter 4 also describes a method of confocal microscopy of joint tissue 

sections to quantify the trans-synovial transport of the dextrans across the healthy and 

arthritic synovium (Aim 2).  
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2. Silk microparticle characterization and in vitro release 

2.1 Introduction 

As introduced in Chapter 1, we have chosen silk fibroin (SF) as a biomaterial for 

intra-articular drug delivery.  SF has been shown previously to form dense micro- and 

nanoparticles for drug delivery by various methods.  Lammel and colleagues employed 

a self-assembly method to form SF particles of various, mono-disperse, nano-scaled 

populations by mixing silk fibroin with a simple sodium phosphate solution [80].   The 

researchers determined that increasing ionic strength above 0.75 M and pH above 7.5 

significantly increased fabrication efficiency, while decreasing the concentration of SF 

solution decreased the mean particle size.  Unfortunately, particles formed by self-

assembly were rarely larger than a few microns, limiting the utility of this method for 

synthesizing particles of larger size that might limit intra-articular clearance.   

Wang and colleagues utilized a templating method to fabrication SF 

microparticles.  The SF solution was mixed with 1,2-Dioleoyl-sn-glycero-3-

phosphocholine (DOPC), a amphiphilic molecule, and water, resulting in the emulsion 

of the silk protein into microparticles [95].  Depending on the ratio of DOPC:SF, 

multilamellar or unlamellear particles could be formed.  While this facile method is 

capable of producing microparticles of mono-disperse size (2-7 µm), DOPC must be 

thoroughly extracted from the microparticles post-fabrication prior to in vivo 
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application.  This additional processing step can result in drug cargo leakage, structural 

damage to the particles, and reduced particle uniformity. 

As an alternative to the DOPC templating method, Wang and coworkers 

employed poly-vinyl alcohol (PVA) to form SF micro- and nanoparticles by emulsion 

[81].  PVA, which is also amphiphilic like DOPC, is readily solubilized in water and 

therefore can be easily washed off micro- and nanoparticles post-synthesis.  Researchers 

determined that by this method, SF microparticles (1-30 µm) or nanoparticles (100-1000 

nm) can be formed by varying protein concentration and sonication energy.  

Furthermore, both large and small-molecule drugs could be entrapped in the particles 

for drug delivery.   

In this study, SF microparticles were fabricated for the delivery of Cy7 

(Lumiprobe), a near-infrared fluorescent dye, which will serve as a model small 

molecule drug (Figure 13).  SF solution was first prepared from silk cocoons by washing 

in detergent to remove sericin residues, dissolved in solvent and then dialyzed into 

distilled water.  SF solution was then combined with SF labeled with fluorescent dye by 

chemical conjugation to form dye-entrapped silk microparticles.  Particle characteristics 

of size, poly-dispersity, extent of Cy7 conjugation and in vitro release were evaluated for 

each formulation to distinguish an optimal method of particle synthesis for intra-

articular delivery. 
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Figure 11: Summary of Cy7 entrappment in silk fibroin microparticles 

 

2.2 Methods 

2.2.1 Materials and Reagents  

Sodium bicarbonate, methanol, and lithium bromide were purchased from 

Sigma-Aldrich (St. Louis, MO).  Slide-A-Lyzer™ dialysis cassettes (3500 MWCO) were 

purchased from Life Technologies (Waltham, MA).  Cy7-NHS was purchased from 

Lumiprobe (Hallandale Beach, FL).  Silk cocoons were generously provided by the 

David L. Kaplan Lab at Tufts University (Medford, MA).  

2.2.2 Processing silk cocoons into silk fibroin solution 

Silk cocoons were received pre-boiled to ensure termination of the silkworm 

inside.  5g silk cocoons were cut into small, dime-sized pieces and boiled in 2 L of 

sodium bicarbonate solution (2.12g/L) for 30min in a 4 L standard beaker on a hot plate.  

The silk cocoon pieces were occasionally stirred throughout boiling to ensure removal of 

sericin residues from silk fibers.  After boiling, the silk fiber mesh was washed in fresh 

distilled water for 30min intervals three times.  Silk fibers were dried overnight in a 
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chemical fume hood.  Dried silk fibers were then added to 11mL of lithium bromide 

solution (9.3M in water) and dissolved in a covered beaker at 60° C for 3 h.  The 

resulting 12mL viscous solution was aspirated into 30mL syringe and passed through an 

18G needle into a dialysis cassette for lithium bromide extraction.  The dialysis cassette 

was placed in 5L of distilled water with stirring and water was changed four times over 

72 h.  The 30mL dialysate was poured into a round bottom, 50 mL centrifuge tube and 

centrifuged for 20min at 20,00G and 4° C to remove solid particulates from the silk 

solution (Beckman J2-MI; Beckman Coulter, Brea, CA).  The resulting solution was 

measured for weight silk per unit volume by drying a known volume of solution in the 

60° C oven and measuring the weight before and after dehydration.  Results 

demonstrated that silk concentrations of 7-8% (w/v) were consistently obtained. 

2.2.3 Conjugation of Cy7 dye to silk fibroin protein 

Silk microparticles entrapping Cy7 were formed by direction conjugation of Cy7 

dye to the primary amines of silk fibroin prior to microparticle synthesis.  5 mL of SF 

solution was dialyzed against 0.1 M sodium bicarbonate (pH=8.3-8.5) and allowed to 

equilibrate for 1-2 h.  The resulting solution was then added to 100 µL of Cy7-NHS dye 

(1.7 mM in methanol; Mwt. 682.29 g/mol) and mixed slowly for 2 h to couple Cy7 

molecules to SF protein.  The product was then dialyzed overnight in 4 L of distilled 

water to remove unreacted fluorophore. The resulting silk fibroin-Cy7 (SF-Cy7) solution 

was characterized by fluorescence (Enspire, Perkin Elmer; ex/em. 754/778 nm) to 
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determine the molar ratio of bound Cy7 dye to silk protein.  Hydrolysis of the NHS 

reactive group competes with the amine reaction, causing the NHS group to have a 

short half-life in aqueous buffer.  Any residual NHS is expected to be inactivated by the 

end of dialysis. 

2.2.4 Synthesis of Cy7-conjugated silk fibroin microparticles 

Conjugation of the Cy7-NHS ester was anticipated to modify the silk particle 

formation such that a series of optimization studies were performed to identify a 

repeatable particle formulation method. Cy7-labeled and unlabeled SF solutions were 

combined to form the following mixtures: a) SF-Cy7 protein only (SF-Cy7100%); b) SF-Cy7 

mixed with unlabeled SF protein at 1:1 molar ratio (SF-Cy750%); and c) SF-Cy7 protein 

mixed with unlabeled SF protein at 1:2 molar ratio (SF-Cy733%).  The SF protein mixtures 

were stirred in poly-vinyl alcohol (PVA) (5%) at a 1:4 (SF: PVA) mass ratio, and placed 

in a glass petri dishes inside a chemical fume hood to dry overnight.  The dried films 

were re-suspended in distilled water and agitated (Rocker 35, 10 min; Labnet 

International Inc., Edison, NJ) to ensure complete re-suspension of silk particles.  

Particles were then separated from solution (20,000 G, 4 C, 15 min) and immersed in 

70% methanol (MeOH), to further dehydrate the particles and increase β-sheet content 

for enhanced dye retention [96].   

An additional SF coating of microparticles was used in one group to test for the 

potential of a SF coating to limit burst release properties of Cy7 in the lowest Cy7 
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concentration microparticle [97]. Formed SF-Cy733% particles were immersed in 1% SF 

solution and shaken for 30 min, then exposed to 70% MeOH for 60 sec before 

centrifugation (SF-Cy733% Coated).    

2.2.5 Physical characterization of SF-Cy7 Microparticles 

Physical properties of each SF-Cy7 or SF particle formulation were assessed by 

scanning electron microscopy (SEM).  Aliquots of each particle formulation were freeze 

dried in a lyophilizer (FreeZone 2.5, Labconco; Kansas City, MO), and mounted on studs 

with gold sputter coating under vacuum pressure on a Desk IV Vacuum Sputter system 

(Denton, Moorestown, NJ).  Particles were then imaged (FEI XL30, 12 kV, 3500x , Philips, 

Amersterdam, The Netherlands) and assessed for surface morphology by visual 

inspection, while particle size and particle dispersity were quantified by image analysis 

(ImageJ®, NIH, Bethesda, MD). 

2.2.6 In vitro release of Cy7 from silk microparticles 

To quantify the retention of Cy7, the different particle formulations were 

incubated in enzymatic release buffer (300 μL PBS with Protease XIV, 1 mg/mL) to 

evaluate the kinetics of Cy7 release over time under enzymatic conditions. Protease XIV 

has been used in release studies of SF previously at concentrations of 1-3 mg/mL, 

promoting biodegradation and simulating in vivo conditions otherwise not observed in 

PBS alone [71, 98-101].  Particles were suspended in 300 μL release buffer (3-5 mg/mL) in 

microcentrifuge tubes under gentle agitation (37C), and aliquots (200 μL) of 
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supernatant were collected at intervals for 168 h (2, 8, 24, 48, 96, and 168 h post-

incubation) by centrifugation (20,000 G, 4C, 10 min) (Figure 14).  Aliquots were mixed 

with acetonitrile (1:1 volume ratio) for the measure of the concentration of released Cy7 

via fluorescence (ex/em: 750/800 nm, IVIS Kinetic, Perkin Elmer, Waltham, MA).  The 

resulting measurements are reported as cumulative percentage of the loaded Cy7 over 

time. 

 

Figure 12: Summary diagram of SF-Cy7 microparticle in vitro release 

experiment. Particles are incubate in protease release buffer and then shaken for set 

time intervals. At each interval, the particles were pelleted by centrifugation.  

Aliquots of release buffer were taken for release measurement (green lightning 

representing the released fluorophore).  After adding fresh release buffer to the tube, 

the tube is returned to shaking until the next time point. 
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2.2.7 Statistical analysis 

All comparisons of total dye released in vitro from different SF-Cy7 microparticle 

formulations were performed by two-way analysis of variance (ANOVA) for time and 

formulation, with a Tukey’s post-hoc test for significance at p<0.05.   

2.3 Results 

2.3.1 SF-Cy7 microparticle physical characterization 

The extent of conjugation of Cy7 dye to SF molecules was determined by 

measuring the fluorescence of a known concentration SF-Cy7 solution and comparing it 

to a standard curve of Cy7 fluorescence.  Cy7 dye was conjugated to silk fibroin protein 

at a molar ratio of 0.35:1 (Cy7: SF), forming Cy7-bound silk fibroin protein (SF-Cy7) in 

solution for particle fabrication.  Resulting SF-Cy7 microparticles of all formulations 

were found to be mainly spherical in shape with a rough, wrinkled surface morphology 

(Figure 15).  The emulsification process yielded poly-disperse particle populations with 

diameters ranging from several hundred nanometers to tens of microns, depending on 

the specific formulation (Table 5).   Particles formed with SF-Cy7 protein only were 

largest in diameter on average and yielded a broader range of particle sizes (786 nm – 

21.6 µm). Particles formed by mixing  
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Table 3: SF microparticle size analysis for each formulation based on scanning 

electron microscopy imaging. 

 

 SF-Cy7 protein with unconjugated silk protein tended to be smaller in diameter on 

average and had lower poly-dispersity.  This is evidenced by the average size of particle 

diameter and diameter range created by mixing SF-Cy7 protein with silk protein at a 

ratio of 1:1 and 1:2 (Table 5).  SF-Cy733% particles were the smallest of all formulations 

with an average diameter size of 3.8 µm and a particle size range that was narrower, 

spanning from 1.0 µm to 9.8 µm.  Interestingly, additional processing in silk fibroin 

solution (1%) resulted in a mesh coating that aggregated particles together, limiting 

exposed surfaces of the particles (Figure 15c).  Surface morphology of coated 

microparticles was otherwise unaltered from the other uncoated particle formulations.  

Formulation Diameter (µm) (Mean + SD) Range (µm) 

SF-Cy7100% 7.4 ± 2.1 0.746 – 21.6 

SF-Cy750% 5.3 ± 3.0 0.598 – 14.9 

SF-Cy733% 3.8 ± 1.9 1.0 – 9.8 
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Figure 13: SF-Cy7 microparticles in various formulations.  A. SF-Cy7100% 

microparticles.  B.  SF-Cy7 50% microparticles.  C. SF-Cy733% microparticles. D. SF-

Cy733% microparticles with SF coating. 
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2.3.2 SF-Cy7 microparticle in vitro release  

When incubated in a proteolytic solution, SF-Cy7 particles gave rise to slow and 

sustained release of Cy7 for all formulations (Figure 15).  The greatest cumulative release 

of Cy7 was observed for particles formed from SF-Cy7100%, exhibiting a more 

pronounced release within the first 8 h of incubation (2.2% of loaded Cy7).  The kinetics 

of Cy7 release were slower for microparticles formed with a mixture of modified and 

unmodified SF, with the SF-Cy733% particles releasing almost a third of that released by 

the SF-Cy7100% particles at 8 h (0.85% and 2.2% of loaded Cy7, respectively; p<0.05).  

There was evidence that this observation is a function of the fraction of unmodified SF 

used, as significant differences in total cumulative release were observed at day 7 

between SF-Cy733%, SF-Cy750% and SF-Cy7100% formulations (3.6%, 6.6%, and 8.2%, 

respectively; p<0.05).  The effects of added SF coating as compared to the uncoated SF-

Cy733% formulation upon release rates were negligible.  The SF-Cy733% silk microparticles, 

coated and non-coated, yielded the least total cumulative release of Cy7 dye over the 

entire 7 d incubation period (3.1% and 3.6%, respectively; p<0.05 vs. SF-Cy750% and SF-

Cy7100% microparticles).  Decreasing the fraction of SF-Cy7 in formed particles, by adding 

unmodified SF solution to the emulsion, appears to have the greatest effect on particle 

stability, resulting in particles that are smaller and slower to release bound dye.  
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Figure 14: In vitro cumulative release of bound Cy7 dye from different SF 

microparticle formulations.  A two-factor analysis of variance was used to determine 

statistical differences between formulations at each time point.   * = p<0.05 for SF-

Cy733% vs. SF-Cy7100% and SF-Cy750%; # = p<0.05: SF-Cy733% vs. SF-Cy7100%; †=p<0.05: SF-

Cy750% vs. SF-Cy7100%. 
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2.4 Discussion 

2.4.1 Silk fibroin labeling with Cy7 

SF-Cy7 microparticles were formed by the emulsion of either SF-Cy7 solution 

alone or in mixture with unmodified SF solution.  The limiting factor on the loading of 

Cy7, our model drug, into SF microparticles was thus the maximum labeling of the silk 

fibroin protein with Cy7.  For our study, this molar ratio of dye labeled to silk fibroin 

was 0.35:1 (Cy7: silk), which approximates the labeling potential of silk fibroin via 

conjugation to available primary amines. This molar ratio equates to a drug load of 23.8 

µg for every 10 mg of silk microparticles, which can be suspended at 60 mg/mL (SF 

particle concentration) for syringe injection.  Greater concentrations of particles cause 

syringe occlusion and prevent proper delivery of particles.   

Additionally, other methods of SF labeling could be employed to load drugs by 

conjugation.  For example, SF contains approximately 12.1% serine residues per 

molecule (SF protein has 5,263 residues), which can be targeted for maleimide chemistry 

[102].  Also, tyrosine residues (5.3% of all residues) on the SF peptide chain have been 

targeted by various strategies for coupling of small molecules, either by direct reaction 

with tyrosine or by swapping tyrosine hydroxyls with a more reactive group [84, 103].  

These methods can produce labeling ratios of up to ~210 small molecules per molecule 

of SF.  Though the quantity of Cy7 labeling achieved in this study is low, we know that 

the shape, size, and poly-dispersity of resulting microparticles is affected by the extent 
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of labeling to the silk protein.  Therefore, higher loading rates should only be pursued 

with smaller drugs (molecular weight of Cy7 = 682.29 Da) or with drugs that have a 

greater hydrophobicity, off-setting some of the affects to particle packing.   

Interestingly, the FDA has approved only 5 sterile suspensions of corticosteroids 

for intra-articular injection indicated for OA: methylprednisolone acetate, triamcinolone 

acetate, betamethasone acetate and betamethasone sodium phosphate, triamcinolone 

hexacetonide, and dexamethasone [104].  These drugs are available in intra-articular 

injection formulations of either 20, 40, or 60 mg/mL (drug concentration), two orders of 

magnitude greater load of drug than is capable with silk microparticles; however, the 

half-life of clearance for these formulations (1-2 h) reduces their joint concentration 

below that of drug-loaded silk microparticles within 24 h [33, 39, 105].  Thus it can be 

concluded that the 0.35:1 molar ratio of drug loading is sufficient to provide for 

sustained drug presence in the joint space when conjugated to silk microparticles for 

intra-articular delivery, as they are slow-releasing drug depots. 

2.4.2 SF microparticle characterization 

Drug carrier size is an important consideration for intra-articular drug delivery 

that to date has not been fully resolved.  Early work by Horisawa and co-workers 

examined the effect of particle size through the use of poly lactic-co-glycolic acid (PLGA) 

microparticles and nanoparticles.  They determined that fluorescein-loaded 

nanoparticles (~265 nm in diameter) were readily phagocytosed and thus caused a very 
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minimal immunogenic response from local tissue.  However, microparticles (~26 µm 

average diameter, but ranging from 3.1-59.9 µm) were poorly phagocytosed resulting in 

the formation of large granulation tissue by multinucleated giant cells [90].  Conversely, 

Liggins and colleagues found nearly the opposite to be true.  They determined that 

PLGA particles of 35-105 µm in diameter were less inflammatory, producing less 

swelling and cell infiltration 7 days after injection, while particles of 1-20 µm in size 

produced greater inflammation, with a great proliferation of macrophages, lymphocytes 

and plasma cells in the synovial membrane [68]. 

The impact of particle degradability rather than particle size, is made clear in the 

work of Bédouet and colleagues in which they evaluated the fate of PEG microparticles 

(40-100 µm) following intra-articular delivery [106].  They found that degradable 

microparticles were taken up into the synovium with little synovial hyperplasia or 

increase in cellularity over 4 wks.  However, while non-degradable microparticles 

similarly migrated into the synovium, the lack of degradability resulted in the presence 

of foreign body giant cells (FBGCs) and increased cellularity throughout the synovium 

over 4 wks (Figure 17). Still, another summary of the discipline by Butoescu and co-

workers has suggested that 5-10 µm may be the most suitable size for intra-articular 

drug delivery, as this particle size ensures phagocytic uptake without the need for 

FBGCs and prolonged drug residence time [46].  This summary illustrates the additional 

work that needs to be done to understand the interaction of material constituents and 
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particle size in contributing to an inflammatory response.  Studies investigating at which 

size range particles made from fully-biodegradable and biocompatible materials begin 

to become inflammatory would help to elucidate the interaction between the two effects. 

In this study, silk fibroin microparticles of 1–21.6 µm in diameter were fabricated 

as carriers for a small-molecule drug for intra-articular drug delivery.  These dimensions 

are consistent with those reported by Wang and co-workers who first formed silk 

microparticles by PVA emulsion (1-30 µm) [107].  The size and dispersity of the protein 

particles varied with the composition of the particle.  Particles formed with a greater 

fraction of unmodified silk protein resulted in smaller and less polydisperse particles.  

This observation is best explained with the model of self-assembled silk microparticles 

 

Figure 15: Joint tissue histochemistry at 4 weeks following intra-articular 

injection of PEG microparticles.  A. Degradable PEG microparticles readily penetrate 

synovial lining (SL) tissue and are degrade without the prescence of foreign body 

giant cells (FBGCs).  B. Non-degradable PEG microparticles are taken up into the 

synovial tissue folds and the FBGCs (arrows) recruited to process the microparticles.  

This was associated with increase synovial cellularity and increased presence of 

prostaglandin E2 (PGE2) in the synovial fluid [106].   
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presented by Lammel and co-workers [80].  The model revealed that lower pH values 

produced more tightly packed particles due to reduced steric hindrance between 

hydrophobic β-sheets.  For our silk particles, steric hindrance may be a result of 

interactions between bound Cy7, a hydrophobic molecule, and the hydrophobic silk 

domains [80].  The presence of Cy7 may disrupt the packing of β–sheets within the 

forming microparticles leading to a less dense and more polydisperse particle 

population.  By incorporating higher fractions of unmodified silk protein, smaller, more 

mono-disperse particle populations were fabricated, allowing for the study of particles 

over a more narrow size range.  Further analysis is necessary to confirm that particles in 

this range do not elicit the formation of granulation tissue.  

2.4.3 In vitro release kinetics of SF-Cy7 microparticles 

Silk fibroin biomaterials are susceptible to in vitro degradation by protease 

enzyme XIV which indiscriminately breaks down the silk fibroin protein, eroding 

surface morphology and creating pores in the dense microparticles [101].  The 

appropriate concentration of protease XIV for this study was determined by a literature 

review based on studies that utilized the enzyme to degrade silk fibroin scaffolds in a 

manner that mimicked in vivo degradation [99, 100, 108].  By replacing the release buffer 

frequently, the in vitro release study was designed to continually replenish the 

enzymatic buffer to limit saturation. 
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In our study, we found that SF microparticles fabricated with additional 

unconjugated SF solution yielded slower proteolytic release rates than particles 

fabricated from Cy7-bound silk protein only, and demonstrated a significantly reduced 

total release in vitro.  These observations suggests that the unmodified SF, 

supplementing the conjugated SF-Cy7, facilitating increased hydrophobic interactions 

within the microparticle leading to more dense packing and thus slower release rates.  

This belief is supported by the observation that the release rates of the microparticles 

increased with increasing median particle size, suggesting that larger particles were less 

densely formed and more susceptible to proteolytic degradation.  Conversely, we saw a 

minimal contribution from the inclusion of a SF coating that resulted in complex 

aggregation of the silk microparticles. 

Additionally, the total bound dye released from SF-Cy7 conjugate microparticles 

never exceeded 10% of loaded Cy7, which is consistent with the release of hydrophobic 

small molecules from other formed SF materials. Wang and co-workers determined that 

approximately 5% of loaded Rhodamine B, a hydrophobic small-molecule, was released 

over 14 d under similar enzymatic conditions [81].  Similarly, Lammel and co-workers 

determined that hydrophobic and neutral small-molecules, passively encapsulated in 

silk microparticles, were released at a rate of only 20-25% or 35-40%, respectively, over 

the first 7 days [80].  Although these values were greater than that observed in our 

study, our small-molecule was covalently bound to the silk protein potentially 
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contributing to the reduced release.  It is also possible that the Cy7 dye lost its 

fluorescent activity as the SF microparticles were exposed to enzymatic buffer for 168 h 

at 37 °C.  This would have resulted in a lower detectable total fluorescence by day 5 than 

was detectable at the beginning of the in vitro release study.  To ensure this was not the 

case, silk microparticles were tested for terminal fluorescence after the 168 h study.  

Terminal fluorescence values of SF-Cy7 particles were consistent with measured release 

kinetics. 

In this study, I believe the amide bond resulting from the succinimidyl coupling 

was responsible for limiting the release of bound Cy7 dye and that dye is released as the 

surfaces of the protein particles are degraded.  To confirm this hypothesis, one could 

measure protein degradation products in the release buffer as well as the Cy7 dye by 

running release samples on a high performance liquid chromatography (HPLC) column 

with absorbance detection.   This would allow for the measurement of silk protein and 

Cy7 fractions as they are eluted from the column and would give an indication of the 

rate of release of SF peptides alone as compared to Cy7-labeled peptides and Cy7 alone.  

If the elution of Cy7 alone is observed without protein absorbance at 280 nm, then it can 

be concluded that the amide bond breaks down allowing the Cy7 release prior without 

protein degradation.  If the elution of Cy7 is faster than expected for Cy7 molecules 

alone and is always associated with the spectral absorbance at 280 nm, then it can be 

inferred that the Cy7 is the result of SF protein degradation.  Generally, the slow and 
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sustained release of these model drugs in all studied systems suggests a protracted 

degradation of silk biomaterials.  This is due to a slow, long-term degradation of the 

crystalline regions of the protein [99, 101, 108-110], which makes SF an excellent material 

for sustained release of loaded small-molecule drugs.   

In this manner, silk fibroin microparticles provide several advantages over other 

intra-articular drug delivery platforms.  For example, liposomal drug delivery depots 

have been employed for the delivery of small-molecule drugs to the joint space for 

decades but have failed to produce a FDA-approved therapy.  One reason for this is 

their lack of stability in physiologic environments, resulting in a burst release of cargo 

upon injection [111, 112].   Thakkar and colleagues employed emulsion and high-

pressure homogenization to form solid lipid nanoparticles (SLN, ~250 nm in diameter) 

loading celecoxib for intra-articular delivery.  The lipid nanoparticles had a 40% burst 

release within the first 12hrs and 90% of its content within 5 days in a normal PBS buffer, 

limiting efficacy in vivo (Figure 16)[69].  Similarly, Turker and colleagues formed 

lipogelosomes for the intra-articular delivery of diclofenac sodium (DFN) by emulsion 

of phospholipids in surfactant.  They determined that resulting lipogelosomes released 

48% of their cargo in the first 24 h in vitro [45, 113]. Finally, Mönkkönen and coworkers 

determined that liposomes entrapping clodronate or calcein could release as much as 20-

80% of loaded cargo within the first 200 s incubation in physiologic fluids [114]. Such 

shortcomings make liposomal drug carriers a poor choice for intra-articular delivery. 

http://www.sciencedirect.com.proxy.lib.duke.edu/science/article/pii/0168365995000313
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Figure 16: In vitro release of celecoxib from solid lipid nanoparticles (SLN) 

reveal the classic burst release with variable sustained release thereafter [69]. 
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Polymeric intra-articular drug delivery platforms, both from natural and 

synthetic biomaterials, have also been employed for their greater aqueous stability, 

biocompatibility and ease of manufacturing.  Naturally-derived drug delivery depots 

have been fabricated from materials such as gelatin, albumin, and chitosan, which offer 

greater biocompatibility of the bulk material and degradation products.  However, 

much like liposomes, these depots lack great resistance to hydrolytic degradation or 

dissolution, resulting in faster than desirable release kinetics.  Burgess and colleagues 

employed albumin to form microsphere carrying prednisolone by oil in water emulsion 

[115].  Resulting microspheres required further processing for stabilization, either 

chemically (glutaraldehyde cross-linking) or heat stabilization, yet 90% of the cargo for 

the albumin microspheres was released within the first 5-50 h in phosphate buffer (pH = 

7.0). Similarly, Kofuji and coworkers formed chitosan gel beads by oil in water emulsion 

to deliver prednisolone, but determined that 60% or more of loaded prednisolone was 

released in the first 6 h in lysozyme solution (20 µg/mL, PBS pH = 7.2) [57]. Gelatin 

microspheres carrying flubiprofen, formed by crosslinking gelatin in a water-in-oil 

emulsion of flubiprofen, were employed as an intra-articular drug depot by Lu and 

colleages [55].  Despite chemical crosslinking for stability, gelatin microspheres 

produced a substantial burst release and 80-100% of drug lost within 24 h. 

Drug depots composed of synthetic polymers often offer greater stability than 

those composed from naturally-derived biomaterials, without the need for chemical 
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crosslinking.  Tuncay and co-workers utilized the PLGA (50:50) to form microspheres 

entrapping diclofenac by oil-in-water emulsion [62].  These microspheres exhibited a 

more modest burst release (20-40%) and took 96 h to release all of the loaded diclofenac.  

Similarly, Butoescu and colleagues formed PLGA microparticles loading dexamethasone 

21 acetate and were able to realize a sustained release for 7 days [116].   Further, 

Natarajan and coworkers fabricated microspheres for intra-articular delivery from 

polycaprolactone (PCL), a water-stable, biodegradable polyester, which could release 

quercetin for up 20 days [66].  While synthetic polymer drug delivery systems offer 

greater sustained release, they are less biocompatible [117, 118].  PLGA and PLA 

microparticles are known to elicit a local inflammatory responses from tissues, with 

white cell infiltration peaking within 9 h following injection and being sustained for up 

to 3 days (Figure 17)[68, 119-121].   Furthermore, it is important to ensure that the by-

products of degradation of the polymer delivery system do not cause inflammation by 

substantially altering joint pH.  Such physiologic alterations in the environment of the 

joint can further exacerbate inflammation [122, 123].  As silk fibroin degradation by-

products are biocompatible, silk microparticles provide the sustained release properties 

and biocompatibility necessary for drug delivery into arthritic joints. 
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Figure 17: The time course of number of white blood cells infiltration into the 

knee joint of rabbits after intra-articular injection of microspheres with diameters of < 

20 (), 20-100 (), and 100-200 m () or saline ().  (*, †, ‡: p<0.05 significant against 

the saline) [119]. 
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3. In vivo biodistribution of silk microparticles following 
intra-articular injection 

3.1 Introduction 

The in vitro release kinetics of an intra-articular drug delivery system are 

insufficient for predicting whether the system will increase the efficacy of 

pharmacological therapy to the knee.  The lone barrier to fluid transport into or out of 

the joint, the synovial membrane, is porous and diffuse with lymphatic vessels that 

provide rapid and broad clearance of solutes from the cavity [124, 125].  The result is 

that intra-articularly injected drugs are quickly conveyed to the systemic circulation and 

their efficacy within the joint space limited [48, 126].  Therefore, the ideal intra-articular 

drug delivery system must offer sustained release of loaded drugs and abate the rapid 

clearance of the drug from the joint [39, 118, 125, 127].  The potential for drug delivery 

systems to abate joint clearance can be determined through the study of their 

biodistribution following injection. 

The biodistribution of a drug is often studied to understand how the drug is 

dispersed throughout the organs of the body following administration.  By this means, 

researchers can determine rate constants of clearance or accumulation describing the 

time course in which the drug is resident within any particular tissue compartment.  The 

study of biodistribution following intra-articular injection has historically been 

performed with the use of radiolabeled molecules.  As introduced in Chapter 1, the 

advantage of radio-isotopes for these studies is two-fold: 1) gamma emission from the 
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isotope provides high signal sensitivity, allowing for detection of low concentrations of 

the target molecule in the systemic circulation and downstream organs; 2) a scintillation 

camera allows for the visual capture of spatial distribution of radioisotopes throughout 

the body.  However, the high signal sensitivity must be balanced with the higher risk of 

radiation exposure and the poor spatial resolution of this method.   

Alternatively, advances of fluorescence, in vivo imaging have provided new 

methods for studying clearance from the knee joint [94, 128-131].  Fluorescence in the 

near-infrared range allows for greater tissue penetration and less background signal, 

allowing for greater sensitivity of detection of labeled particles.  In this study, we 

employed near-infrared fluorescence to track the clearance of silk fibroin microparticles 

from the joint following intra-articular injection (Figure 18).  As the study of 

microparticle clearance from the joint by near-infrared fluorescence has not been well-

characterized, we compared microparticle clearance with the clearance of SF protein in 

non-particle form for comparison with known macromolecule clearance values [39].  

Longitudinal fluorescence imaging was performed to determine joint clearance rates and 

joint radial distribution values for each. 
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Figure 18: Summary graphic of in vivo biodistribution study of SF-Cy7 

microparticles 

 

3.2 Methods 

3.2.1 Animal injection of the SF-Cy7 microparticles 

To assess the in vivo intra-articular retention of the Cy7-labeled SF microparticles, 

live-animal, fluorescence in vivo imaging was used.  All procedures were approved by 

the Duke University IACUC.  Eight 7-8 week old, male Sprague Dawley rats (Charles 

River Laboratories, Wilmington, MA) were anesthetized by 1-3% inhalation of isoflurane 

and trimmed of fur on their lower limbs.  Under anesthesia, fluorescence images were 

collected on the IVIS Kinetic in vivo imaging system prior to intra-articular injection 

(ex/em: 750 nm/800 nm).  Immediately after pre-operative imaging, the rats received a 30 

µL intra-articular injection in the right hind limb (Model 705 RN, Hamilton Company, 
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Reno, NV) of a SF-Cy733% microparticle suspension or an equivalent dye concentration in 

SF-Cy7 solution as a control (100 µM) under isoflurane anesthesia (n=4 per group). 

3.2.2 Longitudinal imaging and clearance analysis 

Longitudinal images of the animal hind limbs were taken immediately following 

injection and up to 120 h after injection.  After each in vivo imaging sessions, animals 

were allowed to recover from anesthesia and returned to cage activity for longitudinal 

imaging.  The advantage of performing longitudinal imaging in a single animal is that 

normalizing each animal to itself reduces the variability due differences in starting 

fluorescence, which is usually an indicator of injection variability.  To analyze the 

intensity of fluorescence emitted from the knee joint of each animal, a circular region of 

interest (ROI) was selected in the area of the knee comprising the intra-articular space 

and centered on the location of peak fluorescence in each image; the ROI was held 

constant in shape and size across all images and time points [132].  The total 

fluorescence within the ROI for each animal at each time point was normalized to the 

total fluorescence measured at 2 h after injection, as this was the time of peak intra-

articular fluorescence (total normalized fluorescence, TNF) believed to be associated with 

the time needed for injectate to distribute throughout the joint space.  TNF served as a 

surrogate measure of Cy7 remaining inside the joint space, and was numerically fit to a 

mono-exponential decay equation (y = C0*e-kt: y = TNF; C0 = TNF (t= 2 h); k = decay rate 

constant; t = time in hours).  A mono-exponential decay fit was selected with 
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normalization by the TNF at the peak of 2 h to model the consistent decay in fluorescence 

across animals after a 2h distribution period.  The decay rate constant from each fit was 

used to determine a decay half-life (t1/2) and half-lives were tested for statistical 

differences between groups (t1/2 = ln (2)/ k, where k = decay rate constant). 

3.2.3 Radial distribution of fluorescence following intra-articular 
injection 

Images were further processed to infer the pattern of radial distribution of 

fluorescence within the joint for each group.  Peak fluorescent signals in each ROI were 

identified and all data within each ROI were normalized by this value.  Mean 

normalized fluorescence values were graphed as a function of radial distance from the 

peak for images taken immediately following injection (Time 0) and at 24 h post-

injection.  A mono-exponential decay curve was fit to the distribution data for each 

injection group to determine the radial distance at which the normalized fluorescence 

falls to 50% of maximum fluorescence (RD50).  The RD50 for each injection group was 

compared for statistical differences at times 0 and 24 h post-injection. 

3.2.4 Statistical analysis 

All comparisons of SF-Cy7 microparticle and SF-Cy7 protein clearance were 

performed by two-way analysis of variance (ANOVA) for time and injection, with a 

Tukey’s post-hoc test for significance at p<0.05.  Comparisons of variables determined 

by mono-exponential decay curve fitting for the joint clearance of Cy7 and radial 
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distribution (decay half-life and RD50, respectively) were performed by an unpaired t-test 

(JMP 10 software, JMP, Cary, NC).   

3.3 Results 

3.3.1 Clearance kinetics of SF-Cy7 microparticles vs SF-Cy7 solution 

Intra-articular retention of Cy7 for SF-Cy733% coated microparticles was 

measured by live-animal fluorescent imaging of rat knee joints and compared to values 

for a SF-Cy7 solution. In both treatment groups, total normalized fluorescence (TNF) 

peaked in the joint between time 0 and 2 h post-injection and then gradually decayed 

throughout the duration of the study (Figure 19). The TNF measured in animals injected 

with SF-Cy7 protein solution decreased more rapidly than that measured in 

microparticle-injected limbs, as evidenced by the exponential decay half-lives for each  

  

Figure 19: In vivo imaging of intra-articular injections of SF-Cy7 particles or 

SF-Cy7 solution in rat knee joints over 5 days.  Representative images of 

microparticle-injected knees display a more focused and persistent fluorescence 

intensity than in protein solution-injected knees. 
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injection group (12.6 ± 2.2 h and 43.3 ± 14.4 h respectively; p<0.05) (Figure 20).  This 

suggests that the microparticles result in a greater persistence of the Cy7 dye to the joint 

cavity. 

 

 

Figure 20: Mean ROI fluorescence measured longitudinally over 5 days in the 

rat knee joints normalized to ROI fluorescence at 2 h post-injection.  Normalized 

fluorescence curves for each injection group were curve-fit for mono-exponential 

decay to determine a decay half-life (t1/2).  Unpaired t-test analysis revealed that t1/2 are 

statistically different between SF-Cy7 microparticles and SF-Cy7 solution (43.3 h, 

±14.4 h and 12.6 h, ±2.2 h, respectively; p<0.05). 



 

62 

 

3.3.2 Radial distribution of SF-Cy7 microparticles vs. SF-Cy7 solution 
following intra-articular injection 

Fluorescence in vivo imaging and ROI analysis revealed differences in Cy7 

fluorophore joint radial distribution between the two injection groups.  At Time 0, the 

normalized fluorescence of SF-Cy7 microparticle-injected limbs falls rapidly away from 

the central peak while fluorescence for SF-Cy7 solution injected limbs falls gradually 

(RD50 = 0.17 mm and RD50 = 0.56 mm, respectively; p<0.05) (Figure 21a).  This 

phenomena was even more pronounced after 24 h, when SF-Cy7 solution-injected joints 

maintained even higher fluorescence values further away from the peak, while values 

still decreased steeply for microparticle-injected joints (RD50 = 1.0 mm and RD50 = 0.20 

mm, respectively; p<0.05) (Figure 21b).  This finding suggests that the Cy7 was localized 

to the synovial fluid and immediate synovium and joint tissue for microparticles, but 

was more broadly distributed when injected as a fully mobile SF-Cy7 molecule.  Ex vivo 

images of the exposed joint space also qualitatively support the observation of 

differential distribution between groups (Figure 22).  Greater peak values and more 

focused distribution of fluorescence is observed inside the joint capsule when joints are 

injected with SF-Cy7 microparticles than with SF-Cy7 solution.   
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Figure 21: Mean normalized fluorescence was assessed radially from the center 

of the joint and fit to a mono-exponential decay equation. (A) The radial distribution 

of fluorescence at Time 0 falls rapidly for microparticle-injected joints (RD50 = 0.17 

mm) and less rapidly for SF-Cy7 solution group at Time 0 (RD50 = 0.56 mm, p<0.01 vs. 

microparticle injection).  (B) The radial distribution of fluorescence at 24 h post-

injection continues to decline steeply for microparticle-injected joints (RD50 = 0.20 

mm) but the distribution becomes even more disperse for SF-Cy7 solution-injected 

joints (RD50 = 0 mm, p<0.05 vs. microparticle injection).    

3.4 Discussion 

Live-animal, fluorescence imaging is a useful tool to examine the ability for drug 

carrier technologies to improve drug residence times within the joint space.  

Fluorophore scattering limits the ability to accurately measure localization to the 

injected compartment, however as compared to radioisotope scintigraphy.  In this 

experiment, we chose to compare injections of dye-bound SF microparticle suspensions 

to a dye-bound SF protein in solution.  We sought to assess the relative magnitude and 

radial distribution of injected dye by live-animal fluorescence imaging for comparison of 

both joint distribution and joint clearance characteristics.   
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Figure 22: Ex vivo imaging of rat ipsilateral knee after sacrifice on day 5. 

Fluorescence intensity is higher (peak) and less distributed in the SF microparticle-

injected joints than in the SF solution-injected joints. 

 

3.4.1 Intra-articular clearance kinetics of SF-Cy7 microparticles 

In order to determine the clearance of SF-Cy7 microparticles from the joint, the 

fluorescence intensity of each animal was measured periodically over 5 days within the 

near-infrared range (800-820nm).  All fluorescence intensity measurements within the 

region-of-interest (ROI) surrounding the knee joint were normalized to values at 2 h 

post-injection, as this time point was associated with the equilibration of the joint 

fluorescence followed by steady decline.  This proved to be a critical step in our analysis, 

as the predicted half-lives depended greatly on a monotonic decay from this 2 h time 
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point.  Normalizing to later time points, such as the 4 h or 8 h mark, would have 

resulted in longer predicted half-lives of fluorescence decay.   

Using this approach, we determined the decay half-life of the SF-Cy7 protein in 

solution to be 12.6 h (± 2.2 h) in the rat knee, which corresponds with the intra-articular 

clearance of macromolecules, such as hyaluronan and albumin, when studied using 

radiographic scintigraphy and other accepted synovial fluid and blood sampling 

techniques [50, 133-135].  In small-animal models of intra-articular clearance, small 

molecules of less than 5 kDa in size are cleared within minutes to an hour, while larger 

molecules (varying from 5 kDa to 50 kDa) persist in the joint space longer, with half-

lives between 1-6 h.  Thus, the use of fluorescence, in vivo imaging with ROI 

normalization as described has provided a similar measure of the intra-articular 

clearance of large macromolecules (>50 kDa), with decay values falling within the 

expected range of 6-25 h [133, 135-137].  We determined that the SF-Cy7 microparticle 

drug delivery system contributed to an increased Cy7 residence time based on the decay 

half-life of 43.3 h (±14.4 h).  At this rate of clearance, if only nanograms of drug are 

needed to have a pharmacological effect on the joint tissue, the SF microparticles could 

sustain the retention of such quantities for approximately twenty six days when as little 

as 100 µg of drug is utilized.   

The limitation of this method for estimating SF microparticle joint residence is 

that the fluorescence of the microparticles is not a perfect measure of their concentration 



 

66 

in vivo.  Furthermore, the clearance of microparticles from the joint is not definitively 

indicated by the decay of joint fluorescence, as changes in fluorescence intensity could 

be a result of released Cy7-bound silk peptides as the microparticles are degraded in 

vivo.  As such, there are many variables that can affect the fluorescence intensity 

measured by the in vivo imager, including joint angle, joint position, and the fluorophore 

depth within the joint cavity.  Even the presence of tissue obstruction, like bleeding and 

clotting can impair the consistent measurement of fluorophore in the joint space.  These 

variables should certainly be well-controlled to achieve the most utility out of the 

method.   

There are also limitations in the quantification of joint residence due to the 

fluorophore itself.  It can be expected that over time the fluorescence of the Cy7 molecule 

will decay due to physiologic conditions, as well as continual exposure during in vivo 

imaging.  Thus, the quantification of fluorescence intensity in our study may under-

estimate the actual joint persistence of Cy7-labeled silk microparticles and silk solution.  

Furthermore, fluorophore quenching of neighboring Cy7 molecules could complicate 

the quantification of fluorescence decay as well.  Quenching would produce lower than 

expected starting fluorescence intensity, yet as the Cy7 molecules become more dilute 

with particle clearance, the fluorescence intensity measured could increase due to 

reduced quenching.  As a result, quantification of fluorescence intensity alone might 
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yield longer half-lives than would be determined by measuring the concentration of the 

particles in the joint. 

In order to account for issues pertaining to quantification of the fluorophore, it is 

necessary to determine the stability of the fluorophore in physiologic conditions over 

time.  Subsequent adjustments to the quantification can be made to account for expected 

losses in fluorescence intensity.  Additionally, the effects of quenching can be 

determined by evaluating the fluorescence associated with microparticle injections in the 

knee joint over a range of different starting concentrations.  Any quenching phenomena 

would be manifested as deviations from the expected linear relationship between 

concentration of injected microparticles and the fluorescence intensity.  If a linear profile 

for the fluorescence-concentration curve were determined, results would suggest that in 

this range of concentrations quenching has minimal effect on the fluorescence.  This 

would inform future experiments at which concentrations intra-articular injections of 

Cy7-loaded SF microparticles should be performed.  Despite these limitations, 

fluorescence in vivo imaging is a tool to get an initial indication of how quickly the drug 

carriers are cleared from the joint cavity.  These data should be further corroborated by 

conventional pharmacokinetic studies to verify the rate of systemic absorption, which 

provides a more robust characterization of joint residence.   

While currently no intra-articular drug delivery system has been shown to yield 

sustained release of drug locally for months, some strategies have still been able to 
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realize efficacy in animal models of OA.  Betre and co-workers utilized an elastin-like 

polypeptide (ELP) system to deliver a protein drug (IL1-Ra) and achieve a joint half-life 

of 3.7 days, by scintigraphic measurement [50].  As Allen and colleagues showed, this 

drug delivery system proved more efficacious than a single injection of IL-1Ra alone 

within the first 6 days post-treatment, by histological and symptomatic measures, in a 

rat IL-1β over-expression model of OA (Figure 23) [51, 53].   

Similarly, Thakkar and co-workers applied chitosan microspheres to deliver the 

small-molecule drug, celecoxib, by intra-articular injection in a rat model of adjuvant- 

 

Figure 23: Average histopathology scores and gross appearance of the tibial 

plateau regions of joints that received an intra-articular injection of IL1b-

overexpressing fibroblasts, followed by delivery of a single dose of IL1Ra, a fusion 

protein of ELP and IL1Ra (ELP-IL1Ra), or no additional treatment (control). Data are 

shown for 1 week post-injection. Joints receiving ELP-IL1Ra injections demonstrated 

significantly less pathology than control and commercially available IL1Ra-treated 

joints at the tibial plateau (p<0.007, Tukey’s) [138]. 
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induced OA.  Though in vitro studies revealed that the full load of drug was released 

within the first 96 h, the extended release of the chitosan microspheres had a significant 

effect on the reduction on OA lesions in vivo when compared to the saline control and  

celecoxib suspension  at 18 d post-injection [54].  Whitmire and coworkers injected rat 

joints with IL-1Ra-tethered nanoparticles in a mono-iodoacetate (MIA) model of OA and 

found that nanoparticles with a clearance half-life of 3.1 days were sufficient to abate 

cartilage fibrillation by computed tomographic (CT) imaging (Figure 24) [94].  Though 

this metric did not reveal the added benefit of nanoparticles over soluble IL-1Ra 

injections, presumably because the animals were sacrificed after only three days post-

injection, a 3-fold difference in clearance rate suggests that the nanoparticles might have 

produced a more pronounced effect at a later time point.   

 

Figure 24: Epic CT reconstruction of the tibial plateau region cartilage of rats.  

Rats were treated with IL-1Ra nanoparticles or soluble IL-1Ra following MIA 

induction [94]. 

Such studies highlight the potential for a microparticle drug delivery system, 

paired with a potent drug, to have disease-modifying efficacy over multiple weeks or 

months.  One such therapy is on the brink commercial realization, likely to become the 
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first sustained-release drug carrier system approved by the FDA for intra-articular 

delivery.  FX006, a therapy developed by Flexion Therapeautic, is already in Phase 3 

clinical trials for the treatment of severe to moderate OA.  The therapy is comprised of 

large, PLGA microparticles (median diameter is 42-52 µm) entrapping triamcinolone 

acetonide (TCA), with a sustained release of drug up to 3 months [44, 139, 140].  In a rat 

adjuvant induced model of OA, Kumar and colleagues assessed the potential for a single 

injection of TCA-loaded PLGA microparticles or TCA in suspension (concentration 

controlled) to mitigate the effects of reactivated arthritis flares, over 30 days with 3 

reactivations.  Researchers determined that a single dose of PLGA-TCA microparticles 

provided more persistent pain relief than a TCA suspension alone, based on gait 

analysis and histopathology scores.  These studies revealed that only the PLGA 

microparticles significantly improved tissue morphology in terms of synovial 

inflammation, bone resorption, cartilage damage and pannus formation (Figure 25) [44, 

140].  Data from their Phase 2b trial suggests that the extended residence time of the 

PLGA microparticles increases the analgesic effect of TCA in patients with OA [141].  As 

our own studies have revealed the enhanced residence of small-molecules when 

delivered in silk microparticles, these advances highlight the potential utility of silk 

microparticles in the treatment of osteoarthritis. 
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Figure 25: Histopathological evaluation of rat knee joints at 32 day post 

injection with vehicle, triamcinolone suspension, and FX006 formulations.  FX006 

formulations of 0.28mg and 0.12mg produced histological results in synovium, 

cartilage and bone that were statistically better than triamcinolone injections of equal 

concentration and were similar to joints without the adjuvant-induced arthritic flares 

[44]. 
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3.4.2 Radial joint distribution of SF-Cy7 microparticles 

Fluorescence in-vivo imaging was also used to reveal differences between SF-

Cy7 microparticles and SF-Cy7 protein solution injections in the radial distribution of 

the fluorescence within each joint.  Microparticle-injected limbs exhibited bright 

fluorescence signal concentrated around the joint cavity, and over time the fluorescence 

values declined steeply away from the joint.  SF-Cy7 protein solution-injected joints 

were more diffuse in fluorescence, and as time progressed high fluorescence values 

spread further away from the joint cavity.  By determining a RD50 term, the distance at 

which the normalized fluorescence fell to 50% of maximum, statistical comparisons 

between groups could be made at different time points.  This analysis revealed that 

higher fluorescence values, corresponding to higher levels of Cy7 dye, accumulate in 

extra-articular tissues for SF-Cy7 solution-injected joints, nearly approaching significant 

differences between Time 0 and 24 h (RD50 = 0.56 mm and 1.0 mm respectively; p = 0.11).  

The radial distribution of fluorescence for SF-Cy7 microparticles remains approximately 

constant between Time 0 and 24 h post-injection (RD50 = 0.17 and 0.20 mm, respectively).  

This suggests that SF microparticles can reduce extra-articular exposure to injected 

small-molecules by localizing them to the joint cavity and that fluorescence, in vivo 

imaging can be used to compare the biodistribution of intra-articular injections. 

The finding is significant in that it highlights a key advantage of fluorescence in 

vivo imaging to scintigraphic studies of intra-articular clearance.  Fluorescence intensity 



 

73 

values vary spatially following injection and over time the spatial distributions will 

change as the molecules are dispersed throughout the joint tissue.  Fluorescence in vivo 

imaging is able to capture distribution profiles with high spatial resolution such that 

spatial distribution differences between drug carriers and macromolecules can be 

assessed.  While studies with radiolabeled injected solutes can provide sensitive 

measures of clearance, spatial resolution is limited by the inability to measure 

differences in gamma radiation intensities across a single field of view.  The limitation of 

fluorescence in vivo imaging is that it can only provide information regarding the trend 

in fluorescence distribution.  It is not possible by this method to distinguish SF-Cy7 

microparticles in the joint cavity as compared to microparticles in the sub-synovium 

without exposing the joint cavity.  Ex vivo imaging of the knee joints at sacrifice 

corroborates radial distribution data, as fluorescence from SF-Cy7 microparticles was 

bright inside the joint cavity with little dispersion of fluorescence, and fluorescence from 

SF-Cy7 solution could be seen in high levels all throughout the neighboring knee 

muscle. 

Thus, the fluorescence in vivo imaging data makes a compelling argument for the 

ability of silk microparticles to enhance localization of drug to the joint cavity and 

suggests that pharmacological agents delivered are not only more persistent but more 

accessible to the joint cartilage.  The significance of this attribute is that drugs that may 

have a specific effect on chondrocytes or bone, and less of an effect on neighboring 
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synovium, may be able to realized even greater efficacy due to higher local 

concentrations over an extended duration.  Also, in order to create disease-modifying 

OA therapies (DMOADs), researchers must target the chondrocytes for regeneration and 

not just manage pain and inflammation [37, 142]. 

For example, Yano and colleagues discovered a new DMOAD, a thienoindazole 

derivative (TD-198946), by screening natural and synthetic small compounds using a 

Col2GFP-ATDC5 system [143].  TD-198946 was determined to initiate chondrogenesis in 

a Runx1-dependent manner, and without the undesirable reactions of hypertrophy and 

dedifferentiation observed with the administration of bone morphogenic proteins 

(BMPs) and growth factors (Figure 26).  Because the mechanism of action of this 

potential DMOAD is so cartilage-specific, high local concentrations in the synovial fluid, 

rather than diffuse levels throughout the synovium, would be preferable to reach full 

disease-modifying efficacy.  In addition to their potential to localize small molecules to 

the interior of the joint cavity, silk microparticles can slowly release DMOADs such as 

TD-198946 without the necessity for multiple injections (injections of TD-198946 were 

required once every 5 days for efficacy). 
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Figure 26: Runx1 as a target of TD198946.  A. Runx1 mRNA levels in 

C3H10T1/2 cells cultured in TD-198946 (10-7 M) or vehicle for 7 days; *p<0.01 vs 

vehicle. B. Col2a1 mRNA levels in C3H10T1/2 cells cultured in TD-1988946 (10-7 M) or 

vehicle 2 days after Runx1 siRNA or control (GFP) transfection; *p<0.01 vs. siGFP.  C. 

Col2a1 mRNA levels in mouse primary chondrocytes from Runx1-floxed (Runx1fl/fl) 

mice cultured in TD-198946 (10-7 M) or vehicle for 2 days after adenoviral infection 

with GFP, Cre, or Cre+Runx1; *p<0.01 vs vehicle [143]. 
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4. Intra-articular clearance of macromolecules in a rat 
model of OA 

4.1 Introduction 

As introduced in Chapter 1, the transport of molecules in the knee joint is 

dependent on trans-synovial flow, which is affect by intra-articular pressure (IAP), 

synovial permeability, hyaluronan concentration, and lymphatic uptake.  How these 

mechanisms are affected by arthritic disease is poorly understood, although studies 

have been performed to address the effects of these parameters in healthy joints.  Drug 

delivery systems developed for the arthritic joint must account for these changes as 

clearance in the healthy joint may vary from that of the arthritic.   

For example, elevated intra-articular pressure has been associated with arthritic 

joints, as joint swelling, leading to higher synovial fluid pressures, is a major symptom 

of joint inflammation [139].  To address the effects of IAP on trans-synovial flow, Levick 

and colleagues used cannulated, healthy rabbit knee joints with a knee pressure cuff.  By 

flushing the joint cavity with different molecules (Krebs solution, albumin and 

hyaluronan), they were able to determine a differential effect on trans-synovial flow 

dependent on molecular weight (Figure 27) [23].  The absorption rate, or clearance, of 

large solutes like albumin and hyaluronan was modestly or linearly affected by the 

changes in IAP, while the increase in clearance of small molecules was nearly 

exponential with increases in IAP.  They postulated that the increasing pressure expands 

the synovium circumferentially, compressing the pores within the synovium and 
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increasing resistance to trans-synovial flow for larger molecules more than for smaller 

molecules.   

 

 

Figure 27: Effect of intra-articular pressure on absorption rate (trans-synovial 

flow rate out of the joint cavity) for Krebs solution (), albumin 110 g/l (), and 

hyaluronan 6 g/l () in three individual rabbit knees.  The absorption rate was 

determined by cannulation of the joint cavity with a drop counter that measured 

pressure dependent flow in the joint [23].  

Other theories suggest that the expression or functionality of synovial lymphatics 

is responsible for changes seen in trans-synovial clearance.  Walsh and coworkers 
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studied the joint tissue of 60 healthy and osteoarthritic human knee tissues by 

immunohistochemistry to determine changes in vasculature expression of podoplanin 

and lymphatic endothelial cell marker-1 (LYVE1).  Additionally, microscopy was used to 

characterize synovial thickness [26].  They determined that arthritic joint tissues 

contained thicker synovium and significant reductions in lymphatic endothelial cell 

density and fractional area as compared to post mortem controls (Figure 28).  The 

thickening of the synovium with reduced lymphatic presence could cause increased 

resistance to trans-synovial flow.  These findings are in agreement with Shi and 

colleagues, who employed the mouse injury model (MLI) to discover that there is a 

reduced expression of mature lymphatic vessels in the synovium of severe OA joints 

[27].   

 

Figure 28: Lymphatic densities in knee synovia. Data represent individual 

synovia and median values for each disease group. Lymphatic densities were lower in 

OA than in PM controls, both measured as lymphatic vascular density (A, z = -3.4, P = 

0.001) and as lymphatic endothelial cell (LEC) fractional area (B, z= -4.5, P = 0.0005) 

[26]. 
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To address the question of OA effects on lymphatic function, Shi and colleagues 

employed NIR imaging of intra-articularly injected indocyanine green (ICG) dye.  By 

measuring the time to peak joint fluorescence (Tmax) and the total clearance within six 

hours, the researchers were able to study the function of lymphatic drainage within MLI 

and sham joints.   Both Tmax and total joint clearance were reduced for mice with OA 

and the effect was even more pronounced in mice with severe OA (20 weeks post MLI 

surgery vs. 12 weeks) [27].  Additionally, accumulated fluorescence from the ICG in 

downstream lymph vessels and iliac node was reduced for the MLI joints as compared 

to control joints.  The shortcoming of this work is that lymph function was assessed with 

ICG dye, a small molecule (775 Da), capable of being sufficiently transported in the 

synovial capillaries as well as lymphatics.   

In this study, we employed fluorescently-labeled dextrans of varying molecular 

weight that have a low capillary permeability to understand how molecular weight 

affects transport through the synovium.  A secondary objective was to investigate how 

this relationship is affected by the OA pathology of the joint tissue.  To induce OA in rat 

knee joints, the medial meniscus and MCL transection surgical model was employed.  

The clearance of labeled-dextrans was studied via fluorescence in vivo imaging, and 

confocal microscopy was utilized to examine trans-synovial transport with greater 

resolution.  Lastly, lymphatic function was assessed by the examination of downstream 
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lymph node accumulation at various time points using a method previously described 

[144].  

4.2 Methods 

4.2.1 Reagents and materials 

Dextran-Texas Red (10,000 Da) and Dextran-Fluorescein (500,000 Da; lysine 

fixable), and Slide-A-Lyzer™ dialysis cassette (3500 MWCO) were purchased from Life 

Technologies (Watham, MA).  CF-633 succinimidyl ester and sodium bicarbonate were 

purchased from Sigma-Aldrich (St. Louis, MO).  Vacutainer 4 mL plastic EDTA-coated 

tubes were ordered from Becton Dickinson (Franklin Lakes, NJ).  2 mL cryovials were 

ordered from Corning (Corning, NY). #15 and #11 scalpel blades were utilized for 

surgical procedures (Aspen Surgical; Caledonia, MI).  4-0 vicryl sutures were employed 

to close surgical wounds (Ethicon; Cincinnati, OH).  

4.2.2 Conjugation of CF633 fluorophore to 500 kDa Dextran 

10 mg of 500 kDa dextran-fluorescein was dissolved in 2 mL (0.1 M) sodium 

bicarbonate solution for conjugation to far-red dye, CF633.  CF633 succinimidyl ester (0.1 

µmole) was suspended in 100 µL DMSO forming 10 mM dye stock solution.  Dye stock 

solution was added to the dextran solution and stirred for 1 h at room temperature 

forming dextran-633 (500 kDa).  The resulting mixture was then dialyzed (MWCO = 

3500 Da) in 4 L distilled water for 2 h to remove un-reacted fluorescent dye.  The 

dialysate was then lyophilized (Freezone 2.5L, Labconco; Kansas City, MO) for 24 h to 
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remove water and was resuspended in 0.5 mL sterile PBS.  30 µL of CF633-labeled 

dextran were taken for characterization of labeling by fluorescence at 630/650 nm 

(ex./em.) (Enspire® Multimode Plate Reader, Perkin Elmer; Waltham, MA). The 

concentration (mg/mL) of the dextran solution can be determined by weighing 10x 

diluted 50uL aliquots of labeled dextran in weigh boats before and after drying.   

4.2.3 Medial Collateral Ligament and Medial meniscus transection 
(MMT) model of OA in rats 

48 Sprague-Dawley male rats (200-225g; Charles River Laboratories, Wilmington, 

MA) were split into two groups: 24 healthy and 24 OA rats.  All animals in the OA 

group underwent surgery for medial meniscus transection (MMT) as described.  Under 

isoflurane anesthesia, a longitudinal medial midline incision was made with a #15 

scalpel blade centered at the knee joint.  The hamstrings muscles was retracted 

posteriorly and the medial collateral ligament (MCL) transected.  The medial meniscus 

is attached to the MCL and was partially delivered into the wound.  The meniscus was 

transected in a radial fashion at the middle third of the meniscus using a #11 scalpel 

blade with careful attention not to damage the underlying cartilage.  The wound was 

irrigated with copious amounts of sterile 0.9% normal saline.  The subcutaneous tissue 

and skin were closed with simple interrupted 4-0 Nylon suture.  The animals were then 

transferred to the recovery area.  The sutures were removed within 7 days after surgery.  

OA group rats were allowed to recover for 3 weeks prior to intra-articular injection of 

labeled dextrans as described below. 
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4.2.4   In vivo imaging of intra-articularly injected macromolecules 

Animals of the Healthy and MMT groups were split into 3 separate groups based 

on sacrifice point: 2, 8, 24 h post-injection (n=4 per group).  Under isoflurane anesthesia, 

all 48 animals received a 30 µL intra-articular injection of a sterile preparation of 10 kDa 

dextran-Texas Red (1 mM) or 500 kDa dextran-633 (40 µM).  Immediately following 

injection, animals were fluorescently imaged longitudinally at 0, 1, 2, 4, 8, 24 h under 

isoflurane anesthesia on the IVIS Kinetic (Perkin Elmer; Waltham, MA) (dextran-Texas 

Red injected animals were imaged at 605/700 nm (ex/em); dextran-633 were imaged at 

640/700 nm (ex/em)).  ROI analysis was utilized to measure fluorescence emitted from 

the rat knee joints over time.  Total normalized fluorescence in the joint ROI, TNF, served 

as a measure of dextran remaining inside the joint space, and was numerically fit to a 

mono-exponential decay equation (y = C0*e-kt: y = TNF; C0 = TNF (t= 1 h); k = decay rate 

constant; t = time in hours).  The decay rate constant from each fit was used to determine 

a decay half-life (t1/2) and half-lives were tested for statistical differences between groups 

(t1/2 = ln (2)/ k, where k = decay rate constant).  Differences in TNF between groups at each 

imaging time point were also compared for statistical significance. At the terminal 

imaging time points, animals were sacrificed for blood and tissue harvesting. 

4.2.5 Ex vivo analysis of plasma 

At each terminal time point (2, 8, or 24 h), 4 mL of blood was drawn by 

exsanguination and transferred to EDTA-coated 4 mL tubes to prevent coagulation.  
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Blood collection tubes were centrifuged (3500 rpm, 4 °C, 10 min) and plasma transferred 

to 2 mL cryovials for -80 °C storage without pooling of samples from each group.  For 

analysis of dextran in plasma, 100 µL was transferred from each cryovial to 500 µL 

microcentrifuge tubes and measured for fluorescence on the IVIS Kinetic. 

4.2.6 Ex vivo analysis of lumbar lymph nodes 

At each terminal point, animals were dissected to recover the contralateral and 

ipsilateral lumbar lymph node.  A longitudinal incision was made in the skin from 

underneath the sternum running down to the lower abdomen.  Perpendicular incisions 

were made from the top of the opening, running to underneath the animals’ forelimbs. 

Similarly at the bottom opening, perpendicular cuts were made running towards either 

hip, recreating a window into the internal cavity of each rat.  A longitudinal incision was 

made in the stomach wall exposing the internal organs.  Organs were then pulled away 

to allow access to the back of the internal cavity.  Lumbar lymph nodes were identified 

beneath fatty tissue flanking the descending aorta and just superior to the aortic 

bifurcation (Figure 29).  Each lymph node was placed in a separate microcentrifuge tube 

and filled with 250 µL of PBS.  The tissue suspension was then homogenized and 

centrifuged (13,000 G, 4 °C, 10 min).  The resulting supernatant was tested for 

fluorescence in triplicates of 60 µL on the Enspire Multimode plate reader.  



 

84 

 

Figure 29: Rat lymph node anatomy.  Lumbar lymph nodes can be seen on 

either side of the descending aorta above the common iliac [145].   
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4.2.7 Confocal image analysis of joint synovium cross-sections 

At the terminal points, ipsilateral knee joint tissue was harvested for synovial 

tissue cryosectioning.  A transverse incision was made in the quadriceps of the right 

hind limb and the patella tendon grasped with forceps.  Micro-scissors were used to cut 

medially and laterally towards the tibia, pulling up on the patella to open up the joint 

cavity.  Care was taken to cut closely along the medial and lateral surfaces of femoral 

head to ensure sufficient margins from the synovium surrounding the patella.  Finally, 

once the anterior face of the joint cavity was cut away from the joint, the patella tendon 

was transected at its attachment to the tibial plateau, freeing the anterior face of the joint 

cavity.  The resulting tissue included the anterior surface of the synovium, the patella, 

patella tendon, fat pad, and flanking knee muscle. 

Following dissection, joint cavity tissue was prepared for cryosectioning by 

embedding in OCT medium in 25 x 20 mm cryomolds and snap frozen in isopentane 

suspended in liquid nitrogen.  Cryosectioning was performed at -20◦C on a Leica CM 

1850 Cryostat (Leica Microsystems Inc., Buffalo Grove, IL) using a section thickness of 14 

µm.  Infrapatellar synovium was sectioned transverse to the patellar ligament in order to 

obtain cross-sections of synovium from both medial and lateral regions of the joint. 

Tissue sections were imaged using a Zeiss 510 Laser Scanning Confocal Microscope 

(Carl Zeiss AG, Oberkochen, Germany) using a 543 nm excitation laser with a 585 nm 

Long Pass Filter for the 10 kDa dextran-Texas Red injected joint sections and a 633 nm 
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excitation laser with a 650 nm Long Pass Filter for the 500 kDa dextran-CF633 injected 

joint sections.  Images were saved with 12-bit resolution using a 2048 x 2048 pixel stack 

size. Images of the tissue were processed with image processing algorithms using 

ImageJ (NIH, Bethesda, MD) and MATLAB (MathWorks Inc., Natick, MA) to locate the 

synovial boundary and calculate the average fluorescent intensity of the tissue with 

respect to depth from the synovial boundary. 

4.2.8 Statistical analysis 

All comparisons of dextran-Texas Red and dextran-CF633 normalized 

fluorescence, TNF, over time were performed by two-way analysis of variance (ANOVA) 

for time, injectate group and healthy versus MMT animals, with a Tukey’s post-hoc test 

for significance at p<0.05.  Half-lives of fluorescence decay determined by mono-

exponential curve fitting of TNF over time for each group were compared by unpaired t-

test. Comparisons of dextran concentration in plasma were compared first by two-way 

ANOVA for time and injectate, and then by ANCOVA for differences between MMT 

and healthy joints.  Comparisons of dextran concentration in lymph nodes were 

performed by two-way ANOVA for time and injectate.  Comparisons of trans-synovial 

transport by confocal microscopy of cryosections between healthy and MMT synovium 

were performed by ANCOVA (JMP 10 software, JMP, Cary, NC).  
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4.3 Results 

4.3.1 Intra-articular clearance of labelled-dextrans in healthy vs. OA 
joints 

Fluorescent dextrans contributed to detectable fluorescence at the joint ROI that 

decayed over time in an exponential manner.  Statistical analysis of the TNF measured at 

each imaging time point revealed that 500 kDa dextrans were retained in the joint longer 

than 10 kDa dextrans, both for healthy and MMT synovium conditions (p<0.05).  While 

the TNF continues to decline over time in joints injected with the 10 kDa dextran, TNF in 

joints injected with 500 kDa dextran begins to plateaus after 8 h (Figure 30).  

Additionally, it was observed that there is a statistically significant decrease in clearance 

of 500 kDa dextran in MMT joints as compared to healthy joints after just 4 h.  No 

statistical differences were observed in TNF at any time point for 10 kDa dextran in 

healthy or MMT joints, though fluorescence levels tended to be higher on average in 

MMT joints after 2 h.  The half-life of decay in TNF for the 10 kDa dextran was 3.35 ± 0.69 

h in healthy joints, which was not statistically different from the decay half-life in MMT 

joints (4.77 ± 1.10 h).  However, these half-lives did differ significantly from the half-lives 

TNF decay for the 500 kDa dextran, which were 24.0 ± 7.57 h in healthy joints and 62.8 ± 

18.4 h in MMT joints (p<0.05 for 500 kDa dextran healthy vs. MMT and 500 kDa vs. 10 

kDa).   
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Figure 30: Knee total normalized fluorescence following intra-articular 

injection of 10 or 500 kDa labeled dextrans in healthy and MMT joints.  Quantitative 

analysis of in vivo imaging reveals reduced clearance of 500 kDa dextran vs. 10 kDa 

and reduced clearance of 500 kDa in MMT vs. healthy joints.  * = p<0.05 500 kDa vs. 10 

kDa; # = p<0.05 Healthy vs. MMT for 500 kDa dextran.   
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4.3.2 Analysis of terminal plasma for labelled dextran concentrations 

Plasma fluorescence results align with the clearance kinetics determined by joint 

ROI fluorescence.  Plasma values for 10 kDa-injected animals peak at 2 h and slowly 

decline at 8 and 24 h, though differences between time points are not significant (Figure 

31).  Additionally, for animals injected with 10 kDa dextran, there are no statistical 

differences in plasma concentrations of dextran at any terminal time point between 

healthy and MMT joints.  Conversely, peak plasma dextran concentrations were 

detected at the 8 h time point for 500 kDa-treated animals and there were statistical 

differences in the dextran concentrations in plasma at 2 and 24 h between healthy and 

MMT group animals.  While plasma 500 kDA-dextran concentrations are higher in 

healthy animals as compared to MMT animals at 2 h, by the 24 h time point plasma 

dextran concentrations have declined to their lowest values in healthy animals and is 

elevated in MMT animals (p<0.05).   
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Figure 31: Plasma dextran concentrations at terminal time points for each 

group.  Concentration values not significantly different over time between healthy 

and MMT animals treated with 10 kDa dextran.  Statistical differences observed 

between healthy and MMT animals treated with 500 kDa dextran at 2 and 24 h post-

injection (p<0.05). 
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4.3.3 Analysis of lumbar lymph nodes ex vivo for labeled dextran 
concentrations 

 Lymph node fluorescence values were used to determine the concentration of 

labeled dextrans transported through lymphatic vessels.  For joints injected with 10 kDa 

dextran, higher concentrations of dextrans were detected in ipsilateral lumbar lymph 

nodes of MMT joints than healthy joints.  Though statistically significant differences 

were not reached at any individual terminal time point, ANCOVA analysis revealed that 

the elevated concentrations of 10 kDa dextran in lymph nodes from MMT joints were 

statistically different from the lymph nodes of healthy joints (p<0.01) (Figure 32).   

 

Figure 32: Ipsilateral lymph node concentrations of labeled dextrans at 

terminal time points.  Statistical differences between healthy and MMT animals were 

not detected at any individual time point for 10 kDa dextran-injected animals, but 

overall concentrations were significantly elevated in lymph nodes from MMT joints 

(p<0.01).  Statistical differences in dextran concentration at 2 and 24 h were detected 

between healthy and MMT animals injected with 500 kda dextran (*p<0.05) 

Conversely, ipsilateral lymph node concentrations of dextrans were more 

elevated for healthy animals injected with 500 kDa dextran as compared to MMT 
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animals.  Significant differences in dextran concentration were measured at 2 and 24 h in 

lymph nodes of healthy joints injected with the 500 kDa dextran as compared with MMT 

joints (p<0.05).   

4.3.4 Confocal imaging analysis of trans-synovial diffusion 

By gross examination, dextran distribution and absorption could be detected 

throughout the synovial cavity covering medial, lateral and infrapatellar surfaces of the 

synovium (Figure 33).  This was used to determine the appropriate regions of the tissue 

for harvesting, cryosectioning and confocal analysis.   

 

Figure 31: Gross image of MMT knee joint following intra-articular injection 

of 10 kDa dextran-Texas Red at sacrifice.  Synovial cavity boundaries are coated in the 

dark purple (Texas Red dye), informing tissue for cross-sectioning and confocal 

microscopy. 
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By confocal microscopy of the joint tissue sections, the infrapatellar synovium of 

MMT animals was found to be thicker than the same synovium of healthy animals (350 ± 

120 µm for MMT vs. 182 ± 51 µm for healthy, p<0.05).  Due to the bright 

autofluorescence of muscle tissue at 488/520 nm (ex/em), the thickness of the synovium, 

measured from the synovial lining to the synovial-muscle boundary, could be 

determined by identifying the point at which the morphology of the tissue changes and 

off-target fluorescence in the muscle is evident (Figure 32).  Additionally, confocal 

microscopy could be used to visualize transport of the fluorescently-labeled dextrans 

through the depth of the synovium (Figure 33).  The maximum fluorescence intensity 

from the dextrans was commonly observed in the synovial lining, which forms a barrier 

to dextran penetration from the joint cavity into the synovial tissue.  Distal regions of the 

synovium overlying lateral and medial joint capsule were utilized for quantification of 

dextran transport over time.  This tissue was found to be most morphologically 

consistent and least prone to tissue destruction during cryosectioning amongst multiple 

sites considered. 
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Figure 32: Confocal image of rat synovium with 543 nm excitation of 10 kDa 

dextran-Texas Red (red) and 488 nm excitation of muscle autofluorescence (green).  

Image was take at 10x magnification.  

 

Figure 33: Confocal imaging of trans-synovial transport of fluorescently-

labeled dextrans.  The joint cavity appears as dark space.  Bright fluorescence 

typically observed at the synovial lining (most superficial part of the synovium) with 

decreasing fluorescence in the direction of transport towards the subsynovium.  

Image taken at 20x magnification.  
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MATLAB code was employed to characterize the fluorescence profile in joint 

tissue sections for each animal and define the trans-synovial transport based on 

fluorescence intensity with depth from the synovial lining.  By this analysis, the 

transport of 10 kDa dextran is found to create a linear fluorescence gradient across the 

synovium (Figure 34).  Interestingly, for 10 kDa dextran, this linear fluorescence 

gradient is less steep at 24 h than at 2 h post-injection for both healthy and MMT 

synovium.  This finding suggest that concentration gradient for 10 kDa dextran 

decreases with time as the concentration inside the joint equilibrates with extra-synovial 

concentrations.  This behavior is also observed in MMT synovium and suggests that the 

thickening of the synovium is not a hinderance to the equilibration of 10 kDa dextran  

 

Figure 34: 10k Dextran transport across healthy and MMT joint synovium 

following intra-articular injection.  In healthy and disease synovium, a linear 

concentration gradient is formed as dextran pass through the synovial extracellular 

matrix.  No significant changes are observed between 2 and 24 h post-injection. 
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tissue across the synovial membrane.  This finding is aligned with the observation of 

elevated lumbar lymph node concentrations of 10 kDa dextran for MMT joints.  No 

statistical differences between the fluorescence profile across the synovium were 

observed at 24 h post-injection between healthy and MMT synovium. 

Conversely, the fluorescence gradient of 500 kDa dextran across the synovium of 

healthy and MMT joints was similar to exponential decay, in which fluorescence 

intensity declined as a function of synovial depth.  For healthy joints, statistical 

differences between the fluorescence gradient at 2 and 24 h were observed by ANCOVA 

(p<0.0001) (Figure 35).  However, the fluorescence gradient of 500 kDa dextran in MMT 

synovium showed no statistical differences between the 2 and 24 h time points, 

suggesting that changes in the synovium resulted in reduced transport of dextran across 

the synovium.  This result also aligns with lumbar lymph node concentration data which 

showed that less 500 kDa dextran accumulates in downstream lymph nodes of MMT 

joints than for healthy joints. 
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Figure 35: 500 kDa Dextran transport across healthy and MMT joint synovium 

following intra-articular injection.  In healthy and disease synovium, an 

exponentially decaying concentration gradient is formed as these large dextran pass 

through the synovial extracellular matrix.  No significant changes are observed 

between 2 and 24 h post-injection in either condition. 
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4.4 Discussion 

4.4.1 MMT model of osteoarthritis in the rat knee joint 

While there are many transgenic, surgical and chemical models of OA in the rat 

knee joint, we chose to employ the MMT model because pathological changes onset 

quickly; tissue changes affect bone, cartilage and synovium; and due to our familiarity 

with the surgery.  The MMT surgery has been shown previously to induce changes in 

the joint within 3 weeks, with cartilage fibrillation, loss of proteoglycan content, and 

synovial inflammation all evident [146, 147].  By week 5, more severe pathological 

changes are apparent: osteophyte formation, fracture of the cartilage lining, and more 

diffuse proteoglycan depletion in the thinning cartilage layer (Figure 36)[148].  By 

limiting our post-surgical recovery to 3 weeks, it’s likely that the animals in our study 

experienced only mild OA, and transport should still occur via the synovium rather than 

through lesions in the cartilage-bone interface.   

 

Figure 36: Histology of rat knee joint following sham (A) or MMT (B) surgery 

at 5 weeks post-OA induction.  Hematoxylin and eosin staining reveals evidence of 

cartilage fibrillation, lesions, and osteophyte formation on the medial tibial plateau 

[148].  
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4.4.2 In vivo imaging of labeled dextrans after intra-articular injection 

In this study, we desired to understand the effect of joint disease on the clearance 

of injected solutes, as intra-articular drug delivery systems must mitigate these changes 

and maintain higher local concentrations of the delivered drug.  Additionally, we 

wanted to evaluate two disparately-sized molecules such that the effects of size on 

clearance in the diseased versus healthy condition might be elucidated.  While we had 

experience delivering and imaging Cy7-loaded silk microparticles, the poly-disperse size 

range of silk particles and the inability to generate nanoparticles smaller than 500nm in 

diameter limited their utility for this study.   

Alternatively, fluorescently-labeled dextrans offer various advantages over silk 

microparticles and have been used previously to study lymphatic transport mechanisms 

[149, 150].  First, dextrans are strongly hydrophilic, which ensures that their clearance 

will be dependent on diffusion and convection in the mobile phase of synovial fluid, and 

reduces the effects of hydrophobic interactions. Also, dextrans are polymeric in nature 

and can be tailored to a very broad range of molecular weights with low poly-dispersity.  

Dextrans can also be synthesized to bear reactive groups for coupling chemistry, 

providing flexibility in both detection parameters and coupling capacity.  In particular, 

for this study we required labeled dextrans that could emit fluorescence above 585 nm 

for in vivo imaging sensitivity, but also provide fluorescence within the range of the 

filters on our confocal microscope.  We determined that the 10 kDa dextran-Texas Red 
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and 500 kDa dextran labeled with the fluorescent molecule, CF633, would meet all the 

criteria for our study. 

In vivo imaging results of intra-articular clearance of labeled dextrans correlated 

well with our earlier studies of silk fibroin clearance by the same method [151].  10 kDa 

dextran, a smaller macromolecule than silk fibroin, was cleared with a fluorescence 

decay half-life of 3.35 ± 0.69 h in healthy joints (shorter than the decay half-life of silk 

fibroin, 12.6 ± 2.2 h), which was not statistically different from its decay half-life in MMT 

joints (4.77 ± 1.10 h).  However, the clearance of 10 kDa dextran did differ significantly 

from that of 500 kDa dextran, which was cleared with a decay half-life of 24.0 ± 7.57 h in 

healthy joints and 62.8 ± 18.4 h in MMT joints (p<0.05 for 500 kDa dextran healthy vs. 

MMT).  The differences suggest that physiologic changes to the synovium may impact 

transport in a size-dependent manner.   

4.4.3 Analysis of terminal plasma and lumbar lymph node for 
concentration of labeled dextrans 

The results of terminal plasma correlate well with that of fluorescence in vivo 

imaging as the differences between healthy and MMT are size-dependent.  Though no 

differences at any time point were detected for healthy and MMT animals injected with 

10 kDa dextran, the elevated concentrations observed in MMT animals overall were 

significant.  Increases in IAP due to joint effusion and inflammation may explain the 

increase in 10 kDa dextran trans-synovial transport.  Increased IAP can lead to increased 

flow across the joint cavity and extravasation of synovial fluid solutes.  Levick and 
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colleagues have shown that small molecules like the 10 kDa dextran may experience 

large increases in trans-synovial flow with small changes in IAP (~2.5-6.0 µ L/min/cm 

H2O) [23, 152].  Though such changes were not observed in the fluorescence in vivo 

imaging results, it’s possible that the differences in trans-synovial flow are masked by 

the low spatial resolution of the IVIS Kinetic.  Small differences in the concentration of 

10 kDa dextran within the synovial membrane as opposed to the interior of the joint 

cavity are indistinguishable due to fluorescence scatter.  

Conversely, the plasma concentration of 500 kDa dextran was statistically 

different for MMT and healthy animals at the 2 and 24 h terminal time points.  The 

concentration of 500 kDa dextran measured in the plasma from MMT animals was 

reduced compared to those with healthy joints, and the plasma concentration was 

elevated at 24 h post-injection.  This result, in combination with the delayed clearance 

indicated by the fluorescence in vivo imaging data, suggests that the MMT joint 

pathology caused delayed systemic uptake of labeled 500 kDa dextran, producing low 

concentrations early on and elevated concentrations later.  This is also consistent with 

the thicker synovium of the MMT animals, slowing out flow of the 500 kDa dextran to 

lymphatic vessels and capillaries.   

Furthermore, Levick and colleagues have previously shown that increases in IAP 

have a smaller effect on increasing trans-synovial flow for large macromolecules [23].  At 

high IAPs (~15-25 cm H2O), there is was no increase in trans-synovial flow with 
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increasing pressure for hyaluronan (~900 kDa).  Therefore, it is possible for there to be 

higher systemic uptake of 10 kDa dextran due to higher IAP, and still observe reduced 

uptake of 500 kDa dextran in the systemic circulation.   

 The results of the dextran concentrations in lumbar lymph nodes were harder to 

interpret.  Similar to plasma data, there were no significant differences in the 

concentration of 10 kDa dextran measured in the downstream lymph nodes of healthy 

and MMT animals at any terminal time point.  Conversely, significant decreases in the 

concentration of 500 kDa dextran were observed at 2 and 24 h in the lumbar lymph 

nodes of MMT joints as compared to healthy joints.  Though the general trend of 

decreased clearance of 500 kDa dextran is consistent between fluorescence in vivo 

imaging and lumbar lymph node concentrations, the lymph node and plasma 

concentrations are conflicted by different trends at 24 h.  These differences may be 

accounted for by the kinetics of 500 kDa dextran accumulation in the lymph nodes as 

compared to the kinetics of systemic uptake.  If the clearance path of 500 kDa is through 

the lymphatic vessels and then into the systemic circulation, then the trends seen in my 

results are a matter of time course, with peak lymph node concentrations occurring 

between 8 and 24 h, followed by peak plasma concentrations thereafter. 

An alternative explanation is the reduced lymphatic function of vessels due to 

joint inflammation.  As a result, lower concentrations of 500 kDa dextran would be 

observed in the lymph nodes of MMT animals over time.  This theory is supported by 
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the work of Zhou and colleagues who studied the lymphatic function of draining lymph 

vessels in the knee joint of chronic inflammatory mice [153].   They determined that 

mice, carrying a copy of the human TNF transgene (TNF-Tg), had slower lymphatic 

clearance which could be restored by the delivery of vascular endothelial growth factor 

C (VEGF-C).  Similar in design to our study, Shi and coworkers found that there is 

reduced lymphatic transport of intra-articularly injected ICG into the downstream iliac 

lymph node of mice in a surgically-induced OA model [27].   ICG is a smaller molecule 

than the 10 kDa dextran, and therefore its transport into downstream lymph nodes 

should have followed a similar pattern, and the effects of elevated IAP should have 

translated to increased transport of ICG.  However, injections of ICG were performed on 

OA mice at 20 weeks post-surgery and it is possible that at this stage in OA progress, 

competing effects of IAP were overcome by the pathological changes to lymphatic 

function.  As the rats in our study were only 3 weeks post-surgery, it is possible changes 

in lymphatic function were not yet evident. 

There are many possible explanations for the differences in clearance observed 

for injected dextrans between healthy and arthritic joints.  Elevations in intra-articular 

pressure, changes in the lymphatic draining function of synovial lymphatics, changes in 

the number of lymphatic vessels and capillaries as well as their synovial depth, and 

changes to synovial permeability, could all be responsible for these differences.  Because 

many of these variables were not measured, it is difficult to determine which variable or 



 

104 

variables had the greatest influence on transport phenomena I observed.  Future studies 

should account for each of these parameters to elucidate their impact on transport in the 

arthritic joint. 

4.4.4 Confocal imaging of joint tissue sections 

Isolating the synovial tissue from the knee joint for cross sectioning required 

careful dissection of the anterior components of the knee.  By cutting away the front face 

of the knee joint, taking the patella and patella tendon tissue, we were able to capture 

large interior surfaces of the joint cavity during our dissection. The synovial tissue was 

then identified as the highly vascularized, fibrous tissue flanking either side of the 

patella, patella tendon, and fat pad (Figure 37).  Transverse sections through the 

dissected joint tissue were chosen as it allowed for the best visualization of the depth of 

the synovial tissue.  Because the adipose tissue of the fat pad was so prone to tissue 

destruction during cryopreservation and sectioning, it was exceedingly difficult to 

consistently prepare sections of the synovium flanking the fat pad for confocal analysis.  

Therefore, sections through the region just below patella and several hundred microns 

into the patella were utilized. 

Additionally, confocal images of the synovium 500-1000 µm distal to the patella 

were captured on each side for quantitative analysis.  Due to the variability of synovial 

tissue morphology nearest to the medial and lateral flanks of the patella (adipose cells, 

large blood vessels, tissue folds, and tears in the sections) this method was employed to 
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capture the dextran diffusion profile across the most morphologically consistent region 

of the joint tissue sections.  Confocal images of these regions revealed that the synovial 

tissue of the MMT rats were enlarged in comparison to that of the healthy rats (350 ± 120 

µm for MMT vs. 182 ± 51 µm for healthy, p<0.05).   This observation suggests that the  

 

Figure 37: Rat knee joint dissection revealing the interior surfaces of the joint 

cavity.  Synovial tissue flanks the patella, tendon, and fat pad on either side and is 

vascularized and fibrous.   
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surgery successfully produced pathological changes in the joint tissue, as synovitis is a 

potential indicator for OA [154].  Additional measures, such as gait abnormalities, pain 

sensitivities, and histopathology of bone and cartilage, could be used in future studies to 

verify the induction of OA and further corroborate the fluorescence in vivo imaging 

results.  Though changes in other tissues were not evaluated, the synovial inflammation 

observed in this study is consistent with the MMT model of OA in rats at 3 weeks post-

surgery [155].      

Confocal images of the joint sections were taken with 543 nm or 633 nm laser 

excitation for determining the penetration of 10 kDa or 500 kDa dextran respectively.  

The advantage of applying fluorescence in these wavelengths is the reduction of 

background fluorescence otherwise observed with 488 nm excitation.  When compared 

to the fluorescence of the sections taken from naïve rats, all joint tissue sections taken 

from dextran-injected knees were highly elevated in fluorescence all throughout the 

synovium.  This suggests that the fluorescence measured in those joints were a result of 

dextran fluorescence and not autofluorescence of the joint tissue.   

4.4.5 Matlab analysis of confocal images 

The Matlab code used for the analysis of the joint tissue was designed to quantify 

the fluorescence intensity of dextran molecules within the synovium as a factor of depth.  

In order to accomplish this goal, the code required some user input prior to analyzing 

each image.  The boundary line of the synovial lining, was first identified on each image 
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in ImageJ by manual tracing.  A built-in macro function in ImageJ could then be applied 

to determine the coordinates for a set of equally spaced points (interpolation points) 

along the trace.  The text file containing coordinates for the synovial trace and the 

original image were called to the Matlab script as inputs, and the code produced plots 

and data files describing the average fluorescence intensity as a function of depth into 

the synovium (from the synovial lining towards the sub-synovium) in set bins of 25 µm 

(Figure 38).  Here, depth is the horizontal distance (from left to right in Figure 37) from 

the points along the synovial trace.  The advantage of using the Matlab script is that 

much of the analysis was automated.  While identifying each trace was user-intensive, 

this was necessary to set the trace to maximize synovium depth during quantitative 

analysis.     

The fluorescence profiles of dextrans through the synovium provided insight 

into the transport patterns of each macromolecule.  The determination of a linear 

concentration gradient of 10 kDa in the synovium at 2 and 24 h supports the findings of 

first order kinetics of clearance from the knee joint observed by fluorescence in vivo 

imaging.  For the 10 kDa dextran, no significant differences were observed between the 

profiles in healthy and MMT synovium at either terminal time point.  This may suggest 

that the arthritic condition has less of an effect on the transport of small molecules from 

the joint, as they’re still able to diffuse readily through synovial extracellular matrix.   
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Conversely, the fluorescence profile in the synovium of 500 kDa dextran-injected 

joints was more exponential in form, suggesting that there are significant barriers to   

 

Figure 38:  Representative image of how the Matlab script analyzes each 

confocal image of dextran transport in the synovium.  The red line represents the 

points along the synovial lining identified by the user (the trace), while the blue line 

represents ImageJ’s rendering of these points in to a smooth line with coordinates.  

The Matlab code takes these coordinates as input and quantifies the fluorescence 

intensity with increasing depth (from left to right), averaging over bins of 25 µm 

width. 

transport of large molecules across the synovium.  While no significant differences were 

observed between the healthy and MMT synovium at any time point for this 

macromolecule, the differences between 2 and 24 h observed in healthy synovium were 

absent in MMT synovium.  This suggests that arthritic synovium is less permissible to 

transport of larger macromolecules than healthy synovium, which is supported by the 
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fluorescence in vivo imaging data and the lumbar lymph node concentration data.  This 

might account for the joint swelling known to occur in arthritic knees clinically.  If 

macromolecules such as hyaluronan and albumin are hindered in transport out of the 

joint, their concentrations could result in greater fluid effusion to the joint cavity. 

The approach taken here to study the transport of macromolecules across the 

synovium of healthy and arthritic rats was adapted from research methods used in the 

study of drug penetration for topical delivery [156-159]. Much like the skin, the 

synovium membrane has regions of morphological diversity which can make 

quantitative analysis of the transport phenomena difficult.  While identification of a 

uniquely consistent region of the distal synovium is useful for quantitative comparisons, 

it may over- or underestimate the transport phenomena occurring more proximal to the 

patella, a region richer in capillaries and blood vessels.  Additionally, only joint sections 

taken transversely through the inferior region of the patella were employed for 

quantitative analysis.  Future studies should evaluate trans-synovial transport within 

the synovium flanking the fat pad, which is closer to the central cavity of the joint, as 

well as supra-patellar synovial tissues.  Differences in the penetration of macromolecules 

in these regions may provide insight into the varying transport patterns of the different 

surfaces of the joint cavity. 
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5. Conclusions and future directions 

 Osteoarthritis is a degenerative disease for which there is currently no cure.  As 

the FDA continues to become more conservative in their regulations of drugs, 

pharmaceutical companies will need to employ greater efforts in the field of drug 

delivery to find strategies that will enhance the sustained release of currently approved 

drug therapies and improve efficacy.  SF offers the advantages of a clinical history of 

safe use and a growing list of applications, with the recent FDA approval of an SF 

formulation as an injectable cosmetic.  Furthermore, SF is slowly degraded in vivo and 

can be fabricated in many drug delivery forms. 

 Motivated by these desirable attributes, SF microparticles were fabricated to 

entrap Cy7, a fluorescent dye that was employed as a model small-molecule drug.  

Methods of fluorescence in vivo imaging were developed to characterize the clearance of 

SF microparticles from the joint space.  Additionally, the differences in intra-articular 

clearance between healthy and OA joints were investigated through the use of 

fluorescently-labeled dextrans.  The investigations reported in this dissertation achieved 

the following outcomes: 

 Chemically-modified SF protein bearing Cy7 dye molecules at a molar ratio of 

0.35:1 (Cy7:silk fibroin). 
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 Characterization of microparticle size and poly-dispersity depending on extent of 

Cy7 labeling by scanning electron microscopy.  SF particles ranged from 598 nm 

to 21.5 µm in diameter. 

 Development of a new method to characterize the intra-articular clearance of SF 

microparticles using fluorescence in vivo imaging following intra-articular 

injection.  To do so, a unique ROI quantification strategy was employed.  

 SF-Cy7 microparticles have a fluorescence decay half-life of 43.3 h in the knee 

joint as compared to SF protein in non-particle form (t1/2 = 12.6 h). 

 Development of a new method to characterize of the joint radial distribution of 

fluorescence following the injection of SF microparticles as compared to SF 

protein in non-particle form.  The RD50, the radial distance at which fluorescence 

falls to 50% of peak, was 0.2 and 1.0 mm for SF microparticles and non-particles, 

respectively, after 24 h. 

 The implementation of the medial meniscus and MCL transection surgical model 

of OA to characterize changes in the transport of labeled dextrans following 

intra-articular injection in rat knee joints. 

 The intra-articular clearance of 10 and 500 kDa dextrans in healthy and MMT rats 

joints was assessed by fluorescence in vivo imaging. 500 kDa dextran clearance 

was reduced in MMT joints as compared to healthy joints. 
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 Plasma concentrations of labeled dextrans at 2, 8, and 24 h after intra-articular 

injection in healthy and MMT rat joints.  Plasma concentrations of 500 kDa 

dextran were reduced at 2 h and elevated at 24 h in MMT animals as compared 

to healthy animals. 

 Developed a method for measuring the accumulation of labeled dextrans in the 

lumbar lymph node at 2, 8, and 24 h.  Lymph node concentrations of 500 kDa 

dextran were reduced at 2 and 24 h in MMT animals as compared to healthy 

animals.  Lymph node concentrations of 10 kDa dextran were elevated over the 

24 h study period in MMT animals as compared to healthy animals, though 

significant differences were not measured at any individual time point. 

 Developed a method of joint tissue dissection to perform transverse cross-

sectioning of the infrapatellar synovium. 

 Developed a method of quantifying trans-synovial transport of labeled dextrans 

using confocal microscopy of synovium cross sections. 

This work suggests that SF microparticle drug carriers can be used to overcome 

the shortcomings of the intra-articular delivery of small-molecule drugs for the 

treatment of OA.   Furthermore, fluorescence in vivo imaging is a useful tool for 

measuring the joint clearance and radial distribution properties of a drug delivery 

system when ROI image analysis is employed.  The long persistence of silk 

microparticles in the joint has significant implications on the study of intra-articular 
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drug delivery and arthritis treatment with small-molecule drugs.  As intra-articular 

injections cannot be given on a weekly or monthly basis by clinicians, it is necessary that 

drug delivery platforms provide sustained release over the span of several weeks to 

ensure long term efficacy.  Evidence in this study suggests that silk microparticles could 

achieve this benchmark, and are worthy of further examination for efficacy against 

osteoarthritis.  Future studies assessing the added benefit of sustained release of 

approved small-molecule drugs from SF microparticles would further support their 

utility for intra-articular delivery.  Also, experiments investigating the biocompatibility 

of SF microparticles in healthy and inflamed joints is necessary to confirm the absence of 

toxicity from the bulk particles and degradation products in an inflammatory 

environment. 

Additionally, the study in this dissertation of trans-synovial transport of labeled 

dextrans has provided a new tool for evaluating the clearance of drug delivery platforms 

with greater spatial resolution.  This fluorescence confocal microscopy method can be 

used to compare drug delivery platforms on their ability to reduce sieving through the 

synovial membrane, increasing joint cavity residence.  Further development is needed to 

address issues of synovial heterogeneity and the variability inherent in the dissection of 

the joint synovium.  Developing a scheme for averaging the transport across multiple, 

distinct sites in the synovium might yield even more meaningful results and better 

capture the overall penetration of the drug delivery platform.  Future studies with this 
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method employing fluorescently-labeled particles ranging from the 10-100 nm to ~100-

300 µm in diameter would also elucidate more about the reflection properties of the 

synovium.  This knowledge may inform future drug carrier developers about minimum 

size requires to achieve longer joint persistence.  Lastly, this method can be used to 

study changes to transport in diseased joints.  Future studies testing the trans-synovial 

transport of solutes in different arthritic models, and at different stages in arthritic 

development, might provide some insights into arthritic model selection based on 

desired joint transport kinetics and pathology. 
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