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Abstract 

Proteoglycans are a class of biomolecules that play an important and ubiquitous role in the body, 

with their roles ranging from maintaining tissue mechanical properties to regulating cell signaling. Many 

of these functions are carried out by the glycosaminoglycan (GAG) chains that decorate the proteoglycan 

core protein, with glycans chondroitin sulfate (CS), dermatan sulfate, and heparan sulfate regulating 

growth factors and water content through their negatively charged polysaccharide chains. Additionally, 

the free-floating GAGs heparin and hyaluronic acid (HA) play important roles in tissue function, such as 

modulation of enzymes and supporting cell mobility. Because of their important biological roles, as well 

as their relatively simple structure, multiple easily accessible reactive moieties, and commercial 

availability, many groups have sought to GAGs for biomedical applications. 

 In this dissertation, we explore the engineering of GAGs to suppress inflammation, starting with 

a study regarding the balance of the chemical modification of GAGs and the perseveration of their 

bioactivity. Here, we discuss the fabrication of hydrogels from thiolated CS (CS-SH) and thiolated HA (HA-

SH), demonstrating how increased thiolation of these GAGs impairs their recognition by hyaluronidase 

and GAG-targeting peptides, suggesting reduced biorecognition. Subsequent studies build off these 

findings, with these DPN hydrogels employed in the context of osteoarthritic joint inflammation. Articular 

chondrocytes encapsulated in GAG DPN hydrogels demonstrated a suppressed inflammatory response, 

as shown through reduced secretion of pro-inflammatory cytokines and reduced proliferation. Finally, the 

GAGs CS and heparin were conjugated with collagen targeting peptides to prevent platelet activation 

following endothelial denudation. The spacer sequence and C-terminal modification of the peptides were 

optimized to improve conjugation efficiency and collagen binding ability, improving the effectiveness of 

the peptide-glycan molecule. Overall, these studies serve as groundwork studies for the engineering of 

GAGs in the contexts of the prevention of inflammation through balancing the modification of GAGs for 

increased functionality with the preservation of the potent bioactive signals from the GAG themselves.  
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1. Introduction 

 

1.1: Significance of Proteoglycans and Glycosaminoglycans 

 Proteoglycans (PGs) are a class of biomolecules comprised of a protein core with one or more 

glycosaminoglycan (GAG) side chains attached1. GAGs themselves are polysaccharides comprised of a 

repeating disaccharide structure, usually a uronic sugar and amino sugar. GAGs can be either be sulfated 

or unsulfated. Sulfated GAGs include heparin, heparan sulfate (HS), chondroitin sulfate (CS), dermatan 

sulfate (DS), and keratin sulfate (KS), with most sulfated GAGs being found attached to a core protein in a 

PG. In contrast, hyaluronic acid (HA) is the only unsulfated GAG as is found as a free-floating component 

of the extracellular matrix (ECM), not attached to any core protein1.  

 

Figure 1.1: Structure of glycosaminoglycans hyaluronic acid, chondroitin sulfate, heparan sulfate, 

dermatan sulfate, keratan sulfate, and heparin 

 PGs are found throughout the body and play important roles in proper tissue function, with the 

form and core protein sequence dictated by this function. PGs can be roughly divided into several 
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categories: HA-binding modular PGs, modular PGs that do not bind to HA, and small leucine-rich PGs 

(SLRPs) 1,2. Modular PGs that binding to HA, also known as hyalectans, consist of a central domain 

decorated with GAG chains flanked by a HA binding domain and a lectin binding domain1. This central 

domain can be decorated with a wide range of GAG chains, spanning three to one hundred. In contrast, 

modular non-HA-binding PGs will vary more in their form and sequence. Finally, SLRPs are relatively small 

PGs that contain leucine-rich repeat units in their core protein1.  PGs exist as both extracellular and cell 

membrane bound molecules. While the function of cell membrane bound PGs generally revolves around 

cell-matrix interactions, the roles of extracellular PGs is more diverse. These functions can be generally 

broken down into four categories: modulation of tissue mechanical properties, regulation and protection 

of the ECM, sequestration of proteins, and regulation of cell signaling (figure 1). In most of these cases, 

this function is carried out by or in part by the GAG chains attached to the protein core.  
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Figure 1.2: Functions of Proteoglycans (created with biorender.com) 

Modulation of mechanical properties by PGs is often mediated through the attached GAG chains, 

as these negatively charged polymers are able to mediate the uptake and retention of water into the 

tissue. In the case of the hyalectan aggrecan, its large number of GAG chains and HA binding domain 

maintain a high water content in cartilage, endowing compressive strength through osmotic pressure3,4. 

Regulation and protection of the ECM is commonly done through PG binding to ECM components, such 

as how the SLRPs decorin and biglycan bind to collagen fibrils through their protein core5,6. Binding to 

collagen accomplishes two significant tasks: directing fibril formation and orientation and protecting 

against degradation5–7. By binding to a collagen fibril, the attached DS chain(s) will act as a spacer, aligning 

and orienting the collagen fibrils properly8–10. Furthermore, the bound PGs and their GAG chains block 

collagenases including matrix metalloproteinases (MMPs), preventing unnecessary degradation of 

collagen7,11–13. For the sequestration of proteins, PGs such as perlecan bind to growth factors like vascular 

endothelial growth factor (VEGF) through its HS chains while the PG core is anchored in the basement 

membrane of various tissues14. This can create gradients of growth factors to direct cell function and 

chemotaxis14–17. Finally, the GAG chains of PGs can modulate cell signaling through physically blocking cell-

cell interactions. This can be seen in the glycocalyx, a PG rich region that lines the endothelium, where the 

PGs and GAGs that make it up prevent leukocytes from interacting with the underlying endothelial cells, 

preventing their activation18–20. As such, GAGs and PGs play a key role in a myriad of different functions 

throughout the body.  

1.2: Articular Cartilage 

 One tissue where the importance of PGs and GAGs is well apparent is articular cartilage. Articular 

cartilage is a tissue primarily comprised of collagen type II, HA, and PGs such as aggrecan and biglycan4,21. 

Aggrecan is a large PG comprised of protein core decorated with ~60 KS chains and ~100 CS chains. 



 

4 
 

Aggrecan is immobilized in cartilage through a link protein that tethers it to HA and forms large aggregate 

complexes with HA and collagen4. Through its large number of sGAG chains, aggrecan promotes the 

retention and uptake of water in cartilage, giving cartilage its compressive strength and shock absorbing 

capabilities. In addition to aggrecan, other PGs are present in cartilage4. Biglycan and decorin are 

comprised of a collagen binding core protein with either one or two DS chains attached, in the cases of 

decorin and biglycan respectively4,12. These PGs regulate collagen fibril formation and protect against 

degradation through this collagen binding activity along with their attached GAG chain12.  

 

Figure 1.3: Structure of cartilage extracellular matrix (created with Biorender.com) 
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Cartilage is populated by resident chondrocytes and is avascular, with the nutrients required being 

delivered through diffusion from the synovial fluid22. These chondrocytes are responsible for the 

maintenance of the cartilage ECM through a tightly regulated cycle of the turnover of ECM components. 

In contrast with many other tissue types, cartilage is relatively sparsely populated by cells, with 

differentiated chondrocytes having limited proliferative capabilities23. As such, significant damage to 

cartilage is rarely healed by the body due to the poor regenerative capacity of chondrocytes23,24.  

1.2.1: Osteoarthritis 

 Osteoarthritis (OA) is a degenerative cartilage disease characterized by the loss of cartilage 

through its degradation. Under normal physiological conditions, the remodeling and turnover of cartilage 

components is well regulated by the resident chondrocytes25. However, under OA conditions, this 

homeostasis is disrupted and chondrocytes shift to an increased catabolic state, resulting in the gradual 

degradation of the articular surface. This degradation is carried out through increases in the production 

of collagenases such as MMP1326 and aggrecanases such as the ADAMTS family27. In addition, it is believed 

that the HA turnover that occurs in healthy cartilage is disrupted, leading to loss of HA and the aggrecan 

tethered to it28,29, though the mechanism of this HA degradation is still debated30–33.  

1.2.1.1: Inflammation in Osteoarthritis 

While previously thought of as a condition that arises due to mechanical wear of the cartilage, the 

current understanding of OA is that pro-inflammatory cytokines such as interleukin 1α and 1β (Il-1α, Il-

1β)34, tumor necrosis factor alpha (TNF-α)35, and oncostatin M (OM)36 play a significant role in the 

pathogenesis of OA. While the inflammatory response is not as robust the one seen in rheumatoid 

arthritis, low grade inflammation can be seen in both the articular cartilage and the synovium37,38. In 

particular, inflamed synovial fibroblasts and macrophages contribute to the inflammatory process and 

disease progression through the secretion of additional pro-inflammatory cytokines like Il-1β and TNF-α 
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into the synovial fluid39–41. Additional vascularization of the synovial lining will also bring in additional 

immune cells, further perpetuating the inflammatory cascade42. 

 Inflammation of the articular cartilage is propagated through several factors, including the pro-

inflammatory cytokines secreted by synovial cells, pro-inflammatory cytokines secreted by the 

chondrocytes themselves, and the products of the cartilage matrix destruction. When stimulated to a pro-

inflammatory state, chondrocytes will secrete Il-143, Il-644, Il-1745, and Il-1846 which in turn can further 

induce inflammation in surrounding cells. Other chemokines such as reactive oxygen species (ROS)47 and 

lipids such as prostaglandin E2 (PGE2)48 are secreted in response to the inflammation and can further 

promote an inflammatory phenotype. In addition, chondrocytes also express cell surface receptors that 

are activated in response to certain matrix molecules known as damage associated molecular patterns 

(DAMPs). In particular, the toll like receptors (TLRs) TLR2 and TLR4 as well as discoidin domain receptor 2 

(DDR2) can be activated by collagen49–53, aggrecan54, and HA fragments55–57, all of which are created as a 

result of the chondrocytes’ upregulated catabolic activity. These pathways result in the nuclear 

localization of factors like NF-κB which upregulates genes relating to inflammation and catabolic activity58–

60. In addition to upregulation of inflammatory markers, the nuclear localization of NF-κB can 

downregulate chondrogenic genes. This is done through destabilization of SOX9, a key component for the 

expression of chondrogenic markers including the production of collagen type II and aggrecan61. Finally, 

NF-κB nuclear localization can promote apoptosis of the chondrocytes through mitochondrial damage and 

disfunction62,63. As such, the progression of OA is caused by this cycle of inflammation, wherein the trigger 

of the inflammatory insult causes the production of additional inflammatory cytokines and catabolic 

enzymes. These catabolic enzymes produce ECM fragments which in turn promote inflammation, 

continuing the cycle until the eventual degradation of the articular cartilage. This is further exacerbated 

by the downregulation of anabolic activity and the promotion of apoptosis, preventing any repair to the 

degraded cartilage. 
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Figure 1.4: Inflammatory positive feedback loops in osteoarthritis disease progression (created with 

Biorender.com) 

1.2.1.2: Clinical Burden of Osteoarthritis 

 OA is a widely prevalent disease, with an estimated 10% of men and 18% of women over the age 

of 60 having some form of OA64,65. Current treatments for OA range from pain management to total 

replacement of the joint. Pain management is done with small molecule drugs such as non-steroidal anti-

inflammatory drugs, opioids, or HA intraarticular injections66,67. While these may relieve some of the pain, 

they do little to address the degeneration of the cartilage and will not prevent the progression of the 

disease. On the other hand, total joint replacement surgery replaces the entire joint with artificial 

components, often a metal base with ceramic or polymer joint components. While this can restore 
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movement, the surgery itself is invasive, costly, and opens the patient up to the possibility of 

complications such as bacterial infections68 and wear debris poisoning69.  

Recent decades have seen the emergence of procedures to repair the damaged cartilage. This can 

be done through autologous chondrocyte implantation (ACI), where chondrocytes are isolated from 

healthy non-load bearing tissue and reintroduced into the defect site70. However, this procedure can lead 

to donor site morbidity71,72 and it takes a considerable amount of time to expand the required number of 

cells73,74. Furthermore, this method does not shelter the implanted cells from the inflammatory cytokines 

present in the OA environment. Following the procedure, although improvements have been seen in 

many patients, graft failure, fibrosis, and hypertrophy were seen following the procedure in some 

patients75. It was found that increased production Il-1β was correlated with adverse effects following ACI, 

demonstrating a need to shield cells from inflammation following implantation75–77.  

1.3: Proteoglycans and GAGs in Endothelial Tissue 

 PGs and GAGs also play a major role in proper endothelial tissue function. The endothelium is 

comprised of a thin inner layer of endothelial cells supported by a bed of collagen fibers and smooth 

muscle cells. Above the layer of endothelial cells resides the glycocalyx, a mesh of proteoglycans, 

glycoproteins, and hyaluronic acid18. This layer provides separation between the components of the 

blood, including red blood cells, platelets, and neutrophils, regulating their interaction with the underlying 

endothelium20. In addition, the sulfated GAGs and protein cores of the PGs in the glycocalyx provide 

binding sites for circulating proteins, including antithrombin and thrombomodulin78,79.  

 In the event that the glycocalyx and endothelial cell layer is damaged, the underlying collagen 

layer can be exposed to the circulating blood cells. This exposed collagen can activate circulating platelets 

and neutrophils, which while necessary for proper healing of the endothelium, can also lead to an 

inflammatory cascade that results in clot formation and neointimal hyperplasia80. When exposed to 
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collagen, platelets release their store of anabolic cytokines including transforming growth factor beta 

(TGF-β) and platelet derived growth factor (PDGF)81. PDGF in particular will act as a chemoattractant to 

the underlying smooth muscle cells, leading to their migration towards the intima in the interior of the 

blood vessel. This release of growth factors also shifts the phenotype of the underlying smooth muscle 

cells that results in rapid proliferation and the secretion of pro-inflammatory cytokines80. If left unchecked, 

rapid proliferation of intimal smooth muscle cells can result in the narrowing of the lumen and blockage 

of the blood vessel.   

 

Figure 1.5: Activation of platelets following injury to the endothelium (created with Biorender.com) 

For this reason, a stent will often be placed at the site of the balloon angioplasty to prevent closure 

of the blood vessel82. This treatment can be further augmented with a drug eluting stent, which will elute 

drugs to prevent the rapid proliferation of the platelet activated smooth muscle cells to further prevent 

vessel closure82. However, the drugs eluted from these stents are often non targeting and can lead to off 

target cell death, such as the surrounding endothelial cells. Furthermore, the underlying collagen remains 

exposed, leaving the possibility of further platelet activation and thrombosis formation83,84. As such, a 
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healthy glycocalyx is necessary for the proper function of the blood vessel endothelium since the lack of 

this vessel lining will lead to uncontrolled vessel closure.   

1.4: Therapeutic Potential of Glycosaminoglycans 

 Given the prevalence of GAGs in the body and their importance to proper tissue function, many 

researchers have sought to use them for therapeutic purposes in a variety of applications. Of the different 

GAGs, the three most commonly studied have been heparin, HA, and CS, as these GAGs are readily 

commercially available. Heparin and CS can be isolated from animal tissues including porcine mucosa85 

and animal cartilage86,87, respectively, while HA can be produced through E. Coli fermentation88. Other 

GAGs such as HS and DS can be isolated from tissues, but less research has been performed using them 

compared to the former GAGs due to them being relatively less abundant in tissues. Because the 

structures of these polymers are well preserved between species, GAGs isolated from other species can 

be used with little chance of a foreign body immune response89. While there are a myriad of possible 

therapeutic applications for GAGs, several specific applications relevant to the data presented in this 

thesis will be explored in more detailed below. 

1.4.1: Anti-Inflammatory Activity of Glycosaminoglycans 

 One notable bioactive property of GAGs is their ability to dampen inflammation, with this being 

most studied using the GAGs HA and CS. The anti-inflammatory activity of HA is correlated with its 

molecular weight, with high molecular weight HA eliciting an anti-inflammatory effect90–92 but low 

molecular weight HA eliciting a pro-inflammatory effect on cells56,57,93. This is due to the differences in 

how low and high molecular weight HA bind with cell receptors. While both bind with the CD44 cell 

receptor, one of the prominent cell surface proteins responsible for interacting with HA, differences in 

the number of binding sites occupied by HA are responsible for either the suppressing or promoting the 

secretion of pro-inflammatory factors94. Furthermore, low molecular weight HA can also bind with the 
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TLR family of cell surface proteins as another start to the pro-inflammatory secretion cascade57,t93. In 

contrast, high molecular weight HA was found to inhibit TLR-2 signaling95. In the cases of both CD44 and 

TLR2/4, low molecular weight HA results in the nuclear localization of NF-κB, which in turn activates the 

synthesis of pro-inflammatory cytokines and catabolic factors, while high molecular weight HA inhibits 

NF-κB localization96. In the context of chondrocytes and osteoarthritis, this can result in either the 

upregulation97 or downregulation91 of the secretion of pro-inflammatory factors including Il-1β, Il-6, 

MMP13, and iNOS, depending on the size of the HA molecule. 

 

Figure 1.6: Effect of HA molecular weight on inflammatory pathways (Created with Biorender.com) 

 CS also elicits anti-inflammatory effects on cells through inhibition of NF-κB nuclear 

localization98,99. However, the mechanism of action of this anti-inflammatory is less well known compared 

to HA. Similar to high molecular weight HA, CS and other sulfated GAGs have been found to be TLR2/4 

agonists, preventing the inflammation cascade from initiating through blocking this cell surface 



 

12 
 

receptor100. Other theories have suggested CS binds to HA related cell surface receptors including CD44 

or the hyaluronan receptor for endocytosis (HARE), given the structural similarities to HA101–104. However, 

in contrast with HA, fragmented CS in the form of disaccharides have also been shown to have anti-

inflammatory effects105. Similar anti-inflammatory effects to HA have been reported with CS, with 

reductions in secretions of cytokines such as Il-1β106, TNF-α107, and iNOS108 found following treatment with 

soluble CS. To better understand the mechanism of action for the anti-inflammatory effects of CS, further 

research is required.  

1.4.2: Chondrogenic Activity of Glycosaminoglycans 

 Another property of GAGs is their ability to direct cell fate and promote the expression of certain 

genes and proteins. This has been especially studied in the context of cartilage as a manner to treat 

osteoarthritis through the promotion of cartilage ECM production. In addition to preserving the 

phenotype of chondrocytes109 and preventing cell dedifferentiation110, the chondrogenic effects of GAGs 

has also been studied to differentiate mesenchymal stromal cells (MSCs), a multipotent mesenchymal 

progenitor cell type, toward a chondrogenic phenotype to replace chondrocytes111. In the case of HA, this 

is primarily mediated through binding with the CD44, where CD44 binding to high molecular weight HA 

leads to Sox9 phosphorylation which in turn results in the upregulation of chondrogenic behavior112,113. 

This leads to increased production of cartilage ECM components such as collagen type II and aggrecan114 

while preventing hypertrophic behavior including the secretion of collagen X115 and alkaline 

phosphatase116. Similar effects have been seen with sGAGs, including CS and HS, where presenting these 

polymers to cells increases the production of cartilage ECM components117–119. Again, compared to HA, 

the exact mechanism for chondrogenic signaling through CS is less well known, but given the similar 

structure and upregulation of the intermediary protein Sox9 it is predicted that CS works in a similar 

manner to HA120.  
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1.4.3 Antiplatelet activity 

 Heparin is the oldest GAG used for therapeutic purposes, with its discovery as an antithrombotic 

agent dating back to the early 20th century121. The primary mechanism of action for heparin is the 

activation of antithrombin by binding to its heparin-binding domain122,123. Following binding with 

antithrombin, the heparin-protein complex binds with thrombin, inactivating it. As such, heparin of 

sufficient length is required for thrombin inactivation in its free-floating form, as it requires around 18 

saccharides to bind to both thrombin and antithrombin124,125. Inactivation of thrombin by heparin both 

reduces blood coagulation and thrombin induced platelet activation. In addition to antithrombin, heparin 

also binds to other coagulating factors like heparin cofactor II126,127 and protein C inhibitor128, both of 

which are activated through heparin binding and inactivate components of coagulation and thrombus 

formation. As such, heparin has been employed as a treatment when thrombus formation and clotting is 

a concern, such as coronary angioplasty procedures.   

 Although often used as a free-floating agent, recent decades have seen the development and use 

of heparin immobilized to surfaces129. For use cases where synthetic materials come into contact with 

blood, the complement system and coagulation cascade will be activated, leading to platelet activation 

and thrombus formation130. While this can be potentially treated with systemic delivery of heparin, off 

targets effects such as hemorrhages and poor clot formation are possible129. By immobilizing heparin to 

the biomaterial surface, these off target effects can be eliminated while achieving better biocompatibility 

and maintaining heparin’s antithrombotic capabilities. To date, heparin has been immobilized to a variety 

of biomaterials, including polyurethane131, poly(2-hydroxyethyl methacrylate) (pHEMA)132, Teflon133, 

Dacron133, and polyethylene134. By covalently immobilizing heparin, groups have demonstrated decreased 

thrombin activation and platelet adherence, reducing the need for systemic heparin delivery through 

localization of heparin activity to the biomaterial surface.  
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1.5: Modification of Glycosaminoglycans for Therapeutic Uses 

 While potent on their own, researchers have sought to modify GAGs to better suit their needs. 

Given their many sites for modification as well as relatively simple structure and stability compared to 

other commonly studied biopolymers, many different modification strategies have been developed. 

These range from simple crosslinking of GAGs to increase molecular weight to the development of PG 

mimetic molecules to replace PG functionality. This section will overview several methods in which GAGs 

have been modified and engineered to fit biomedical needs.  

1.5.1: Chemical Modification of Glycosaminoglycans 

 Given their relatively simple structure compared to other biopolymers used for tissue engineering 

purposes, many strategies have been developed to chemically modify GAGs to better tune them to 

specific needs. GAGs contain many sites for chemical modification, with groups opting to target either the 

carboxylic acid group of the uronic acid residue or the hydroxyl groups of either sugar.  Of all the GAGs, 

HA has seen the most work done with regards to chemical modification. This has ranged from benzyl 

esterification of HA to increase its hydrophobicity135 to the sulfation of HA to modulate the GAG’s negative 

charge136. Side chains such as cholesterol137 and n-isopropylacrylamide138 have also been grafted to HA to 

form physically formed hydrogels. However, one aspect of GAG modification that has seen much attention 

is the attachment of groups to facilitate covalent chemical crosslinking. This has been achieved with 

thiols139, methacrylates140, furans141, tyramines142, cyclodextrins143, as well as many other species. CS and 

other GAGs have also seen some research regarding chemical modification, with similar strategies being 

employed144–147. Because of the hydrophilic functional groups on GAGs, GAGs are insoluble in most organic 

solvents and many modification strategies employ reactions done in aqueous conditions. However, an ion 

exchange can be performed with the sodium counter ions to allow for solubility in organic solvents148.  

1.5.2: Proteoglycan Mimetic Molecules  
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 To target pathologies that are a result of a loss of PGs, some groups have opted to chemically 

modify GAGs to make molecules that mimic the function of GAGs. To recapitulate the function of 

bottlebrush GAGs like aggrecan, a couple of groups created bottlebrush molecules using CS and a core 

polymer. For example, Prudnikova et al demonstrated the synthesis of a CS bottlebrush molecule by 

conjugating amine-terminated CS to a poly(acryloyl chloride) backbone149,150. Using this method, they 

synthesized a smaller molecule with a 10 kDa core and ~7-8 CS chains150 and a large molecule with a 250 

kDa core polymer with ~60 CS chains149, demonstrating the flexibility with regard to size with this 

approach. This molecule demonstrated swelling comparable to aggrecan and unconjugated CS. 

Furthermore, the smaller molecule also demonstrated an ability to modulated collagen fibril formation 

through interactions with the attached GAG chains, as the core by itself had no effect. Another bottlebrush 

mimetic strategy was demonstrated by Pauly et al, who used hydrazide functionalized HA as their 

backbone, allowing them to conjugate CS through the carboxylic acid groups151. When added to an 

agarose hydrogel, this molecule increased the compressive strength of the hydrogel. This was 

hypothesized to be due to the molecule’s significant negative charge, driving an increase in osmotic 

pressure. While molecules of these type can recapitulate the bottlebrush domains of PGs like aggrecan, 

they lack their binding domains and remain untethered within the area where they are delivered, possibly 

requiring multiple doses for effectiveness. However, the lack of a protein core results in resistance to 

proteolysis, possibly increasing their residence time following delivery.  

 Another PG mimetic strategy that has been studied is the use of peptide functionalized molecules, 

where substrate binding peptides are covalently conjugated to a polymer backbone. This is to recapitulate 

the matrix binding function of PGs, such as the collagen binding capabilities of SLRPs and the HA binding 

capability of hyalectans. This can be done using a GAG backbone, where multiple peptides are bound to 

the backbone to increase its binding affinity to its targeted substrate. For example, HA binding peptides 

were grafted to a CS backbone as an aggrecan mimetic, which demonstrated an ability to protect HA and 
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collagen from enzymatic degradation152. By adding a collagen type II binding peptide to the molecule, a 

lubricin mimetic was synthesized, which demonstrated an ability to lower the coefficient of friction of 

articular cartilage153. Using this strategy, endothelial PG mimetic molecules were also synthesized. A 

decorin mimetic molecule was synthesized by conjugating collagen binding peptides to a DS backbone 

and was shown to modulate collagen fibril formation and reduce smooth muscle cell proliferation to a 

greater degree compared to free floating DS154. Similarly, selectin binding peptides were conjugated to a 

DS backbone as a way to restore the glycocalyx following injury155. This allowed the molecule to localize 

to a damaged endothelial layer and prevent activation of circulating neutrophils and platelets. In addition 

to GAG backbones, peptides have also been conjugated to synthetic polymer backbones. Singh et al 

conjugated collagen type II and HA-binding peptides to a poly(ethylene glycol) (PEG) star polymer 

backbone, and following intra-articular delivery, demonstrated its use as a lubricin mimetic through 

decreases in joint friction and a dampening of OA progression156.  
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Figure 1.7: Strategies for proteoglycan biomimetic molecules. A) Synthetic poly(acryloyl chloride) backbone 

grafted with CS. B) HA backbone grafted with CS or heparin. C) Oxidized CS with HA binding peptide grafted 

to opened rings.  

1.5.3: Glycosaminoglycan Biomaterials for Tissue Engineering 

 Using chemically modified GAGs, many researchers have developed biomaterials that incorporate 

GAGs to endow their material with desirable properties and enhance tissue engineering outcomes. 

Furthermore, since the structure of GAGs is well conserved between different species, minimal host-

rejection response is often seen, compared to some protein-based biomaterial approaches. This approach 

has seen favorable results in a variety of tissue engineering fields, including skin157, bone,158 cartilage159, 

and cardiac tissues160. For these applications, biomaterials have been made primarily of GAGs to leverage 

their biological properties or have been made in combination one or more other polymers to further tune 

the material properties.  

1.5.3.1: Biomaterials made primarily from GAGs 

 One of the simplest methods of fabricating a GAG biomaterial is using chemically modified GAGs 

to form hydrogels. This is most commonly done with HA, given its commercial availability and relevance 

to the ECM in many tissues, though some work has been done with other GAGs like CS145 and heparin161. 

Using a catecholamine modified HA hydrogel, Shin et al demonstrated the survival of mouse hepatocytes 

and adipose derived mesenchymal stromal cells (ADSCs) to damaged liver and ischemic myocardial tissue, 

respectively, with the HA hydrogel showing favorable integration with the surrounding tissue162. The 

delivery of these cells to their respective locations improved tissue function while preserving the delivered 

cells. Using tetrazine/cyclooctene click-crosslinked HA hydrogels functionalized with a bone 

morphogenetic protein mimetic peptide, Park et al demonstrated their material’s ability to encapsulate 

dental pulp stem cells and direct them toward an osteogenic lineage, as denoted by increased alkaline 
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phosphatase activity and upregulation of osteogenic markers163. Using methacrylated HA, Bian et al 

encapsulated a coculture of MSCs and chondrocytes, with the hydrogel supporting the survival and 

chondrogenic differentiation of these cells164. With regard to other GAGs, Conovaloff and Panitch used a 

thiolated CS hydrogel to support the growth of chick dorsal root ganglions, with the CS hydrogel 

supporting longer neurite growth compared to an HA hydrogel145. Similarly, Liu et al demonstrated the 

ability of a methacrylated CS hydrogel to maintain the phenotype of neuronal stem cells and prevent 

differentiation, demonstrating the biological activity of CS over a methacrylated gelatin hydrogel165.  

Beyond basic crosslinking, chemical modification of GAGs can allow for other desirable material 

properties. Although HA hydrogels are already biodegradable through cellular hyaluronidases, modifying 

HA with hydrolytically labile groups can result in hydrogels that degrade through another method. This 

was done by Sahoo et al, who used methacrylate lactic acid modified HA to increase the degradation rate 

of HA hydrogels, resulting in increased growth factor release166. Another aspect of GAG hydrogels is the 

delivery method of application. Although many of the GAG hydrogels are made through in situ gelation, 

HA modified specialized functional groups can allow for injectable hydrogels. This was done by Loebel et 

al, who created an injectable HA hydrogel using transient crosslinks143. This was done using an 

adamantane/β-cyclodextrin guest-host system, where HA modified with these groups created a shear 

thinning hydrogel. Using a material that thinned under shear, the group was able to 3D print the HA 

hydrogel, allowing them to form complex cell arrangements with multiple inks.  

Finally, commercially available HA biomaterials have started to see adoption for several clinical 

applications. While many research groups have used HA in hydrogel form, many commercial HA products 

use a benzyl-esterified HA, sold under the name HYAFF135. This modification reduces the solubility of HA 

through the hydrophobic benzyl group while also providing a method for hydrolytic degradation through 

the esters, on top of the natural hyaluronidase activity. Using HYAFF fibers, woven materials like 
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HYALOFILL (Anika Therapeutics, USA) have been produced and used for wound dressings to allow for 

increase exudate absorption while also providing a biocompatible scaffold for wound healing167.  

In general, many groups have been able to leverage the biological properties of GAG biomaterials, 

with these materials supporting cell survival and promoting desirable tissue engineering outcomes. Most 

of these materials have been primarily made of HA, though some groups have used CS for certain 

applications. Heparin has also been used, though often used as a drug delivery vehicle due to its high 

negative charge168,169. However, by themselves, GAG hydrogels often lack tunability in certain aspects. For 

this reason, many groups have opted to use GAGs in combination with other polymers to further tune the 

material properties.  

1.5.3.2: Composite GAG Biomaterials 

 By combining GAGs with other polymers, the properties of the biomaterial can be further 

modulated. For these composite materials, both synthetic polymers and biopolymers have been used.  

Synthetic polymers that have been used include PEG117,170, poly(caprolactone)120,171, NIPAAm138,172, and 

poly(vinyl alcohol)173. A variety of biopolymers have also been used, with both biologically active polymers 

like collagen174,175, silk fibroin176, and gelatin177 as well as bioinert polymers like alginate178 and agarose179 

being combined with GAGs for biomaterials.   

 Many groups have opted to combine GAGs with synthetic polymers due to their well-defined 

mechanical properties and the ease of tunability. Strehin et al developed a CS-N-hydroxylsuccinimide/PEG 

-amine hydrogel for cartilage tissue engineering180. By varying different properties of the constituent 

polymers, such as the conditions of the synthesis, the pH of the PEG-amine, and the ratio of CS to PEG, 

they were able to control the mechanical properties of the bulk biomaterial through multiple mechanisms. 

Furthermore, since CS was a major component of the material, the hydrogel was still susceptible to 

enzymatic degradation, in contrast with a fully PEG material. To study the effects of GAGs on MSC 
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chondrogenesis, Wang and Yang used a PEG hydrogel combined with either CS or HS119. By using the PEG 

hydrogel as a base material, they were able to study the biological effects of CS and HS in a 3D 

environment while keeping properties including material stiffness constant, demonstrating the 

superiority of CS over HS for chondrogenic signals, despite GAG structural similarities. Aside from 

synthetic polymers, some bioinert biopolymers have also been combined with GAGs for tissue engineering 

purposes. Alginate, a polysaccharide derived from brown seaweed, can be crosslinked using divalent 

cations. Using alginate as a base hydrogel, Jeon et al used methacrylated heparin and a photomask to 

spatially pattern heparin within the hydrogel181. This allowed them to localized BMP to certain locations 

within the material, leading to osteogenic differentiation of MSCs primarily in these areas. Although these 

polymers can allow for biomaterials with tunable properties, their bioinert nature leaves the body unable 

to degrade them through natural methods. However, when co-crosslinked with GAGs, the materials can 

then be degraded through the body’s hyaluronidases.   

 In contrast to bioinert polymers, many groups have combined GAGs with other biopolymers to 

leverage their bioactivity along with the signals from the GAGs. Kilmer et al fabricated a collagen hydrogel 

made from a blend of collagen type I and collagen type II and added CS conjugated with a collagen binding 

peptide182. They used this hydrogel to direct MSC towards a chondrogenic phenotype. While collagen type 

II itself can provide these chondrogenic signals, the addition of CS into the hydrogel further increasing the 

expression of chondrogenic markers such as the upregulation of cartilage matrix protein genes. Similarly, 

Levett et al combined methacrylated HA and CS with gelatin-methacrylamide for cartilage tissue 

engineering183. By combining CS and HA with their gelatin-based hydrogel, cartilage markers such as the 

production of aggrecan and collagen type II were upregulated over their gelatin only material. Ying et al 

combined HA and collagen to form biomimetic wound dressing hydrogel, as HA is a major component of 

the granulation tissue and wound healing process174. By combining these two polymers, the improved 

wound healing was seen compared to a collagen only gel due to the increased nutrient diffusion that 
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resulted from HA’s negative charge. In these cases, the benefits of the base gel in the context of tissue 

engineering were augmented with the bioactivity of GAGs. 

One consideration that must be made when combining GAGs with biopolymers is the effect on 

the microstructure of the material when the GAGs are added. Given the significant negative charge of 

GAGs, changes in structure can occur when the polymers interact. When combining CS with hydrogels 

made from a blend of collagen types I and III, Stuart and Panitch found decreases in collagen fibril diameter 

and increases in void space, compared to gels without the GAG184. Vázquez-Portalatín et al demonstrated 

increased protein incorporation when CS or HA were added to a blended collagen type I and type II 

hydrogel, again demonstrating the interactions of GAGs with collagen in the context of biomaterial 

fabrication185.  

1.6: Thesis Outline and Contributions 

 GAGs play a key role in almost all tissues and have been widely explored for their therapeutic 

potential in many roles. With this in mind, the work presented here documents my efforts to engineer 

GAGs through chemical modification to best suit clinical needs and maximize their bioactivity.  

 Chapter 2 focuses on understanding how the chemical modification of GAGs affects their 

bioactivity. This chapter describes how the degree of modification of thiolated CS and HA affects their 

recognition by hyaluronidase and GAG-binding peptides, analogues for how cells would interact with the 

GAGs following implantation. Furthermore, this chapter details how the blending off CS and HA into dual 

polymer network hydrogels (DPN) affects their mechanical and biological properties. This chapter consists 

of the manuscript published by Michael Nguyen, Julie C. Liu, and Alyssa Panitch published in 

Biomacromolecules, volume 22, issue 10, 2021.  Michael Nguyen planned and conducted all experiments 

in this study. 
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 Chapter 3 describes the use of these thiolated GAGs to form hydrogels that would shield articular 

chondrocytes from a pro-inflammatory environment. Fetal bovine articular chondrocytes were 

encapsulated in CS/HA DPN hydrogels with or without the addition of collagen and cultured in pro-

inflammatory media. This chapter describes the effects of pro-inflammatory cytokines on these cells while 

inside the hydrogels. This chapter consists of a manuscript in progress by Michael Nguyen, Julie C. Liu, and 

Alyssa Panitch. Michael Nguyen planned and conducted all experiments in this study. 

 Chapter 4 describes the synthesis of a peptide-glycan molecule for the protection of exposed 

endothelial collagen and the inhibition of platelet activity. The spacer sequence and C-terminal 

modification of a collagen binding peptide was optimized for conjugation to a GAG backbone. The effects 

of peptide sequence and GAG backbone choice on peptide-GAG conjugation and collagen binding are 

detailed. Following molecule synthesis, the ability of the peptide-glycan to inhibit platelet activation and 

bind to exposed collagen are also demonstrated. This chapter consists of a manuscript submitted to 

Biomacromolecules by Michael Nguyen, Tanaya Walimbe, Andrew Woolley, John Paderi, and Alyssa 

Panitch. Michael Nguyen conducted the peptide-glycan synthesis experiments and wrote the associated 

sections. Tanaya Walimbe performed the circular dichroism experiments. Andrew Woolley and John 

Paderi performed the platelet inhibition and in vivo targeting experiments and wrote the methods and 

results for these sections, as well as the introduction.     

 Chapter 5 summarizes the data from the previous chapters and outlines possible avenues for 

future work based off these findings.  
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2. Physical and Bioactive Properties of 

Glycosaminoglycan Hydrogels Modulated by Polymer 

Design Parameters and Polymer Ratio 

This chapter consists of the manuscript published by Michael Nguyen, Julie C. Liu, and Alyssa Panitch 

published in Biomacromolecules, volume 22, issue 10, 2021.   

Abstract: 

Glycosaminoglycans (GAGs), such as hyaluronic acid (HA) and chondroitin sulfate (CS), have seen 

widespread adoptions as components of tissue engineering scaffolds due to their potent bioactive 

properties and ease of chemical modification. However, modification of the biopolymers will impair 

biological recognition of the GAG and reduce the bioactive properties of the material. In this work, we 

studied how the degree of thiolation of HA and CS, along with other key hydrogel design parameters, 

affected the physical and bioactive properties of the bulk hydrogel. Although properties, such as the HA 

molecular weight, did not have a major effect, increasing the degree of thiolation of both HA and CS 

decreased their biorecognition in experimental analogues for cell/matrix remodeling and binding. 

Furthermore, combining HA and CS into dual polymer network hydrogels also modulated the physical and 

bioactive properties, as seen with differences in gel stiffness, degradation rate, and encapsulated cell 

viability.  

 

2.1. Introduction: 

 While the human body possesses natural healing capacity, situations can arise where the body is 

incapable of repairing the damaged tissue, such as in the case of critically sized tissue defects or 
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disfunction of the natural repair pathways1,2. To address these medical needs, the field of tissue 

engineering has been developing methods to engineer replacement tissue. Tissue engineering approaches 

often employ cells seeded in a scaffold, such as a hydrogel, where the cells generate new tissue while the 

gel serves as a support structure. Synthetic polymers, such as poly(ethylene glycol) or poly(lactic acid), can 

provide scaffolds with very well-defined properties and characteristics; however, they lack the biological 

signals present in natural extracellular matrix3–6. On the other hand, natural polymers such as collagen 

and fibrin have also been used, but they lack the degree of chemical and mechanical tunability present in 

synthetic polymers3,7–11.         

Over the past two decades, glycosaminoglycans (GAGs), including hyaluronic acid (HA) and 

chondroitin sulfate (CS), have seen increased use as components of tissue engineering scaffolds in a 

variety of fields, including bone12,13, cartilage14,15, skin16,17, vocal fold18, and nerve tissue regeneration19. 

HA and CS are naturally produced polymers, widely distributed within the extracellular matrix, and 

important for bodily function and cellular processes20,21. These GAGs possess potent bioactive properties 

including cell-directive signals22–24 and anti-inflammatory properties25, and they possess many chemically 

reactive hydroxyl and carboxylic acid groups. While these reactive moieties can exist as part of the 

bioactive motifs, they can also support chemical functionalization to allow for crosslinking and hydrogel 

formation.  A wide variety of modifying agents including methacrylates26, thiols27, furans28, tyramines29, 

and various other species30 have been conjugated to HA and CS for gel formation. Although the addition 

of these groups can allow for  increases in stiffness and compressive strength of the gel through increased 

crosslink density as well as provide handles for chemical addition of other bioactive factors, modification 

of the natural polymer structure may inhibit the ability of the cell to recognize and interact with native 

chemical moieties and thus reduce the number and potency of bioactive signals presented to the cells31,32. 

Among the previously reported studies, there is little consensus regarding the optimal degree of 

modification for HA and CS, and the degree of modification of these GAGs varies widely between papers.  
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  In this study, we focused on designing CS and HA hydrogels that maximize the bioactive properties 

of the GAGs while maintaining the ability to crosslink the polymers into hydrogels and encapsulate cells. 

To do so, we synthesized and characterized hydrogels using thiolated HA and CS with increasing degrees 

of thiolation (DOT) and tested their biorecognition with two in vitro analogues of in vivo bioactivity. These 

tests included a hyaluronidase digestion assay, which represented how well encapsulated cells would be 

able to remodel their environment, and a GAG binding assay, which represented how well proteins, 

including receptors and growth factors, would be able to interact with the modified GAGs. Next, we 

examined the effect of HA molecular weight ranging from 40 kDa33 to 1.5 MDa19,34 and evaluated the 

viscoelastic properties of the resultant gels and effects of molecular weight on bioactivity.  Finally, we 

fabricated and tested dual polymer network (DPN) hydrogels with the two GAGs to combine the chemical 

and biological signals of CS and HA.  The ratio of CS to HA was tested to determine how it affected physical 

and bioactive properties of the hydrogel.  Specifically, we fabricated CS/HA DPN hydrogels utilizing DOT 

and molecular weight that retained maximum biological activity, as determined using the hyaluronidase 

and peptide binding assays, to investigate how the combination of these two polymers affected hydrogel 

properties and cell survival. 

2.2. Materials and Methods: 

2.2.1: Preparation and Characterization of Thiolated Hyaluronic Acid and Chondroitin Sulfate  

Thiolated HA (HA-SH) was prepared using a modified version of a previously reported protocol18. 

Hyaluronic acid (molecular weight (Mw): 10 kDa, 60 kDa, 100 kDa, 200 kDa, 500 kDa, Lifecore Biomedical) 

was first dissolved in 0.1 M 2-(N-morpholino)ethanesulfonic acid (MES) buffer with 0.2 wt% NaCl at a 

concentration of 2 mg/mL. To attach free thiol groups, dithio-bis(propionohydrazide) (DTP) and 1-ethyl-

3-(3-dimethylaminopropyl)carbodiimide (EDC) were dissolved in the HA solution. The degree of thiolation 

was controlled through the amount of DTP added, and a 1:1 molar ratio of DTP to the desired percentage 
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of modified HA carboxylic acid groups was used. EDC was added in a 2:1 molar ratio with respect to DTP. 

The reaction solution was titrated to a pH of 4.5 and was reacted overnight at room temperature. To 

cleave the disulfide bond of DTP, the HA solution was titrated to a pH of 8 and dithiothreitol (DTT) was 

added in 3:1 molar excess of the DTP. The DTT was allowed to react for 3 hours at room temperature 

before the solution was titrated to pH 4.5 to prevent the reformation of disulfide bonds. The polymer was 

then purified using a KrosFlo KR2i tangential flow filtration (TFF) unit (Repligen) using a 5 kDa molecular 

weight cut off column and a transmembrane pressure of 18 PSI. The solution was purified until a permeate 

volume of three times the reaction volume had been reached. After purification, the polymer was frozen 

and lyophilized until further use. Thiolated CS (CS-SH) (Mw: 40 kDa, Seikigaku Corporation) was synthesized 

using the same methods. Free thiol content of HA-SH and CS-SH were quantified using an Ellman’s assay, 

and cysteine was used to construct a standard curve. Degree of thiolation (DOT) was defined as the 

percentage of GAG carboxylic acid groups converted to free thiols. To validate the results from the 

Ellman’s assay, the DOT of low and high DOT HA-SH and CS-SH was determined using 1H nuclear magnetic 

resonance (NMR) spectroscopy. Samples were dissolved in D2O and run on a Bruker 800 MHz Avance III. 

DOT was determined by integrating the beta methylene peak on the thiol side chain and dividing by the 

integral of the of the N-acetyl methyl group of the N-acetylglucosamine monomer on both HA and CS27. 

DOT determined through NMR were within ± 5% of the Ellman’s assay (Figure 2.1, 2.2).  
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Figure 2.1: 1H NMR (800 MHz, D2O) Spectra of HA-SH with High (30.4%) and Low (17.8%) DOT. (1) N-acetyl 

methyl, δ 1.93 (m, 3H, CH2-C(O)-CH3). (2) Thiol side chain methylene, δ 2.62 (s, 2H, N-C(O)-CH2-C).  



 

38 
 

 

Figure 2.2: 1H NMR (800 MHz, D2O) Spectra of CS-SH with High (34.8%) and Low (17.6%) DOT. (1) N-

acetyl methyl, δ 1.93 (m, 3H, CH2-C(O)-CH3). (2) Thiol side chain methylene, δ 2.61 (s, 2H, N-C(O)-CH2-

C).  

 

 

2.2.2: Fabrication of HA-SH and CS-SH Hydrogels 

Hydrogels composed of 1.5 w/v% HA-SH and CS-SH were formed by crosslinking the polymer 

chains with poly(ethylene glycol) diacrylate (PEGDA) (Mw: 3.4 kDa, Alfa Aesar). HA-SH and CS-SH were 

dissolved at a concentration of 3 w/v% in 360 μL of phosphate buffered saline (PBS). For CS/HA DPN 

hydrogels, weight/ weight ratios of 10:0, 7:3, 5:5, 3:7, and 0:10 CS to HA were used with the total GAG 

content being kept at 1.5 w/v% (Table 1). For determination of the minimum DOT for gel formation, a 

stoichiometric quantity of PEGDA to fully react with all available free thiols was added. For experiments 
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comparing properties of HA-SH and CS-SH with low and high thiolation degrees, the lower mass of PEGDA 

was used to crosslink both low and high DOT gels. To prevent spontaneous disulfide bridge formation in 

the high thiolation gels, N-ethyl maleimide (NEM) was added to the PEGDA fraction to cap free thiols in a 

1:1 molar ratio of NEM to remaining free thiols after PEGDA crosslinking. For experiments involving CS/HA 

DPN gels, PEGDA content was held constant between all groups to maintain a constant crosslink density 

between groups, using the PEGDA required to fully crosslink the 10:0 group. For all experiments, PEGDA 

was dissolved in PBS and mixed with the HA-SH or CS-SH solution. To form the gels, the prepolymer 

solutions were titrated to pH 7.8, after which sufficient PBS was added to bring the concentration of the 

GAG to 1.5 w/v%. The hydrogels were then incubated overnight at 37 ºC in a humidified environment.  

 

Table 2.1: Concentrations of CS and HA used for CS/HA DPN hydrogels  

Ratio of CS/HA 10:0 7:3 5:5 3:7 0:10 

Concentration of CS (mg/mL) 15 10.5 7.5 4.5 0 

Concentration of HA (mg/mL) 0 4.5 7.5 10.5 15 

 

2.2.3: Mechanical Testing of GAG Hydrogels 

To determine the stiffness of the HA-SH and CS-SH hydrogels, 150 μL hydrogels were polymerized 

directly onto Teflon coated microscope slides (Tekdon), with a hydrophilic area of 20 mm. After overnight 

incubation, stiffness of the hydrogels was determined using a Discovery Hybrid Rheometer (TA 

Instruments). An oscillation frequency sweep from 0.1 to 100 rad/s was performed using a 20 mm head 

with a constant stress of 1 Pa. Storage modulus and tan(δ) of the hydrogels were determined from the 
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linear region of the sweep, if available. For determination of the minimum DOT for gel formation, 100 kDa 

HA-SH was used based off HA molecular weight experiments. 

2.2.4: Enzymatic Degradation of GAG Hydrogels 

For all degradation experiments, enzymatic degradation was conducted using a 50 U/mL solution 

of bovine testes hyaluronidase type I-S (Sigma Aldrich) in PBS. Degradation of hydrogels was conducted 

at 37 oC with the gels continuously agitated on a plate shaker. 

2.2.4.1: Degradation of GAG homopolymer hydrogels 

 To determine the degradation rate of HA-SH of varying molecular weights, as well as HA-SH and 

CS-SH of low and high DOTs, 100 μL gels were made directly in 96-well plates and left to incubate overnight 

at 37 oC. At the start of the experiment, 100 μL fresh hyaluronidase solution was pipetted on top of the 

hydrogels then immediately removed to obtain a zero-hour time point. Fresh hyaluronidase solution was 

pipetted on top, with the supernatant removed and replaced with fresh hyaluronidase solution every two 

hours for a total of ten hours. To assess degradation of HA, a carbazole assay was performed to determine 

the concentration of free HA in the collected supernatants. To assess degradation of CS, a 

dimethylmethylene blue (DMMB) assay was performed to determine the concentration of free CS in the 

collected supernatants.  

2.2.4.2: Degradation of CS/HA DPN hydrogels 

To determine the degradation rate of CS/HA DPN hydrogels, 100 μL gels were made directly in 

the bottom of 0.5 mL microcentrifuge tubes, with the initial masses of the tubes recorded to calculate gel 

masses. After polymerization, hydrogels were first allowed to swell overnight with PBS. After overnight 

swelling, 300 μL of fresh hyaluronidase solution was added atop the gels and incubated for 24 hours at 37 
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oC. After 24 hours, the supernatant was discarded, the gels were blotted dry, and the mass of the gel was 

recorded. A total of seven time points were taken, and the hyaluronidase solution was replaced and the 

gel masses were recorded every 24 hours. After seven days, the gels were dialyzed against ultrapure water 

to remove salt at 4 oC overnight. Gels were then frozen and lyophilized, and the dry masses of the gels 

were recorded.  

2.2.5: Peptide-Glycan Binding to GAG Hydrogels 

2.2.5.1: Peptide-Glycan synthesis and characterization 

The HA-binding peptide GAH (GAHWQFNALTVGSG) was synthesized with a C-terminal hydrazide 

for coupling to CS and was obtained from Chinese Peptide Company. The CS-binding peptide YKT 

(YKTNFRRYYRFGSG) was also synthesized with a C-terminal hydrazide for coupling to HA and was 

produced using a Liberty Blue peptide synthesizer with standard Fmoc solid phase peptide synthesis 

techniques. After synthesis, YKT was purified using reverse phase fast protein liquid chromatography, and 

the collected fractions were verified using matrix assisted time of flight mass spectrometry.  

Synthesis of peptide-glycan conjugates was performed using a modified version of a previously 

reported method35. To synthesize GAH coupled to CS (CS-GAH) and YKT coupled to 100 kDa HA (HA-YKT), 

the GAGs were dissolved at 10 mg/mL in 0.1 M MES buffer with 8 M urea. One hundred molar excess of 

4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl-morpholinium chloride (DMTMM) was added with respect 

to the GAG. GAH was added in a 10:1 molar ratio of peptide to CS and YKT was added in a 30:1 ratio of 

peptide to HA. The solution was titrated to a pH of 4.5 and allowed to react for three days at room 

temperature. At the end of the reaction, the solutions were diluted 5X to stop the reaction and purified 

using TFF using the same parameters as the HA-SH and CS-SH synthesis. Peptide attachment was 
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quantified by measuring the 280 nm absorbance of the peptide-glycan and comparing the results to a 

standard curve made of the free peptide.  

2.2.5.2: Peptide-Glycan binding assay 

To determine the binding ability of CS-GAH and HA-YKT to HA-SH and CS-SH, respectively, of low 

and high DOTs, 40 μL gels were made directly in a black opaque 96-well plate. After gelation, 10 μM 

solutions of CS-GAH and HA-YKT were pipetted atop the gels and left to incubate for thirty minutes at 

room temperature. After this time, the supernatant was removed, and the gels were washed three times 

with PBS to remove non adherent peptide-glycans. After washing, peptide-glycan attachment was 

quantified by measuring the intrinsic fluorescence of tryptophan and tyrosine residues of the gels to 

determine CS-GAH and HA-YKT binding, respectively. Intrinsic fluorescence of tryptophan was measured 

at an excitation of 295 nm and emission of 350, and the intrinsic fluorescence of tyrosine was measured 

at an excitation of 280 nm and emission of 305 nm. 

2.2.6: MSC Viability in CS/HA DPN Hydrogels 

2.2.6.1: Rabbit MSC isolation and culture 

Rabbit MSCs were isolated from the bone marrow from the femurs of 6-month old New Zealand 

white rabbits. After euthanasia following an unrelated procedure, the discarded femurs were isolated. 

The neck of the femur was clipped off, and the bone marrow was rinsed out using warmed Dulbecco’s 

Modified Eagle Medium (DMEM) (Gibco) into 50 mL conical tubes. Erythrocytes were lysed through the 

addition of sterile deionized water into the tube, and the tubes were centrifuged to remove the dead cells. 

The resulting pellet was broken up and cells were plated on polystyrene tissue culture plates and 

incubated overnight in a humidified environment at 37 oC. The next day, the non-adherent cell population 

was aspirated, and the adherent MSC population was subsequently cultured using a medium consisting 
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of low glucose DMEM with Glutamax supplement (Gibco), 10% fetal bovine serum (Gibco), 5% 

penicillin/streptomycin (Gibco), and 10 μg/ml basic fibroblast growth factor (Lonza). Cells were passaged 

at 70-80% confluence and used at passage two. 

2.2.6.2: MSC Viability in CS/HA DPN Hydrogels 

 To assess cell viability as a function of CS/HA ratio on DPN hydrogels, MSCs were encapsulated in 

CS/HA DPN hydrogels at a cell concentration of 106 cells/mL. Ten μL gels were pipetted directly onto Ibidi 

μ-Slides and allowed to gel for one hour at 37 oC in a humidified environment. After polymerization, fresh 

cell medium was pipetted atop the gels, and the medium was changed every day. At time points of one 

and six days, the cell medium was aspirated and replaced with 4 μM of Calcein AM (Invitrogen) and 6 μM 

of ethidium homodimer (Invitrogen) in PBS to stain for live and dead cells, respectively. The cells were 

incubated for thirty minutes, after which the staining solution was removed and replaced with PBS. To 

image the cells, fluorescent images were taken using a Keyence BZ-X700 fluorescent microscope at a 

magnification of 10X.  A Z-stack image of the gels was taken with a depth of 500 μm, and Z-stack images 

were combined using the full focus algorithm in the accompanying Keyence image analysis software. Each 

Z-stack image had a cross sectional area of 1.6 mm2, corresponding to 13% of the total hydrogel area. One 

image from the center of each biological replicate was taken. Live/dead counts were determined using 

the find maxima algorithm in ImageJ.  

2.2.7: Statistics  

Data are represented as means, and error bars correspond to standard deviation. For the 

comparison of two groups, statistical significance was determined using a T-Test. For comparing more 

than two groups, statistical significance was determined with single factor equal variance ANOVA, and 

differences between groups were determined using Tukey’s post hoc tests. Statistical analysis was 
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performed using Graphpad Prism, and a probability value of 95% (P < 0.05) was used to determine 

statistical significance.  

2.3. Results and Discussion: 

2.3.1: Minimum Thiolation for Hydrogel Formation 

To examine how degree of thiolation affected bioactivity of HA and CS, GAGs with varying 

percentages of thiolation, as determined by the percentages of available carboxylate groups that were 

converted to thiols, were synthesized.  However, prior to bioactivity assays, the minimum DOT required 

for gelation had to be determined. Following reaction with DTP and EDC, HA with DOTs of 2.3%, 5.3%, 

9.9%, 13.7%, 17.8%, and 24.0% were obtained (Table 2.2). Results from rheological testing showed that 

HA-SH with a DOT of 5.3% thiolation formed a gel (Figure2. 3) whereas, at a DOT of 2.3%, the HA-SH did 

not gel as denoted by a tan(δ) value greater than 1 (Figure 2.3c). Furthermore, at 5.3% thiolation, the gel 

exhibited an average G’ value of 16.5 Pa, which would not be robust enough for most tissue engineering 

applications. As expected, G’ values increased with increasing degrees of thiolation. The 17.8% DOT HA-

SH produced robust gels with a modest DOT.  This result, coupled with the data presented below showing 

a similar degree of thiolation (17.6%) was required for robust CS gelation, led to 17.8% DOT HA-SH being 

chosen for experiments investigating the impact of HA molecular weight on gel stability and as the low 

DOT for experiments investigating the impact of DOT on HA biological activity.  
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Table 2.2: Free Thiol Quantification for HA-SH Batches 

HA MW Average 412 nm Abs Average mM -SH Average DOT 

100 kDa 0.037 0.061 2.3% 

100 kDa 0.086 0.138 5.2% 

100 kDa 0.164 0.262 9.9% 

100 kDa 0.227 0.361 13.7% 

100 kDa 0.295 0.468 17.8% 

100 kDa 0.344 0.545 20.7% 

100 kDa 0.400 0.633 24.0% 

10 kDa 0.275 0.437 16.6% 

60 kDa 0.285 0.453 17.2% 

100 kDa 0.285 0.452 17.1% 

200 kDa 0.288 0.456 17.3% 

500 kDa 0.281 0.446 16.9% 

100 kDa 0.515 0.801 30.4% 

 

For CS-SH, it was found that a DOT higher than that required for HA-SH was needed to form a 

robust gel. Following reactions with DTP and EDC, CS with DOTs of 4.2%, 8.2%, 15.1%, 17.6%, 25.5%, 

28.8%, and 35.1% were obtained (Table 2.3). Below 15.1%, CS-SH gels did not form, and 15.1% thiolated 

CS-SH formed a weak gel with a G’ of 43.2 Pa (Figure 2.3). To maintain parity with HA-SH in terms DOT, a 

CS-SH thiolation degree of 17.6% was chosen for future experiments.  Given similar DOT levels, it was 

found that CS-SH hydrogels were weaker than HA-SH hydrogels (697.9 Pa for HA-SH and 304.4 Pa for CS-

SH at a DOT of ~17.7%). The chosen DOT for HA-SH and CS-SH falls on the lower end of previously reported 

degrees of modification for both polymers, and other groups reported degrees of modification between 

736,37 and 71%26,38. While other groups achieved hydrogel formation at degrees of modification lower than 

17%, other factors such as reacting the GAG chains directly with one another36, the addition of other 

polymers39,40, or differences in the concentration of polymer used41 may account for the need for a DOT 

of ~17% to support gel formation in the study reported here. In this regard, the minimum DOT for gel 

formation is specific to a chosen crosslinking method and polymer concentration.    
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Table 2.3: Free Thiol Quantification for CS-SH Batches 

CS MW Average 412 nm Abs Average mM -SH Average DOT 

40 kDa 0.054 0.088 4.2% 

40 kDa 0.108 0.173 8.2% 

40 kDa 0.199 0.317 15.1% 

40 kDa 0.233 0.370 17.6% 

40 kDa 0.338 0.536 25.5% 

40 kDa 0.382 0.605 28.8% 

40 kDa 0.465 0.737 35.1% 

40 kDa 0.462 0.731 34.8% 

 

Figure 2.3: Mechanical properties of HA-SH (MW: 100 kDa, 1.5 w/v%) and CS-SH (MW: 40 kDa, 1.5 w/v%) 

hydrogels increase as a function of DOT. (a) Storage modulus of HA-SH gels as a function of DOT. (b) 



 

47 
 

Storage modulus of CS-SH gels as a function of DOT. (c) tan(δ) of HA-SH gels. (d) tan(δ) of CS-SH gels. * 

denotes statistical significance (P < 0.05) from all other groups. n.s. denotes no significance between 

groups (P > 0.05) 

2.3.2: Effects of GAG DOT on Bioactivity  

2.3.2.1: Effect of GAG DOT on Hyaluronidase Activity 

To assess bioactivity of HA-SH hydrogels, one chosen metric was to measure hydrogel 

susceptibility to hyaluronidases as a measure of hyaluronidase recognition and degradation of HA as a 

function of DOT.  This assay assessed the effect of thiolation on enzymatic recognition sites within the HA 

chain since fewer recognition sites would lead to decreased degradation. Hyaluronidase degradation was 

chosen as a proxy to understand how the degree of modification of the GAGs would affect the 

encapsulated cells’ ability to remodel the environment via secretion of hyaluronidase or how durable the 

material would be in a pro-inflammatory environment characterized by an increased level of 

hyaluronidases. To maintain consistent crosslink density, low DOT HA-SH (17.8%) and high DOT HA-SH 

(30.2%) were both crosslinked with the same amount of PEGDA needed to fully crosslink the 17.8% DOT 

HA-SH. Free thiols in the high DOT gels were capped with NEM to prevent disulfide bridge formation 

(Figure 2.4a). It has been previously demonstrated that maleimide groups react with thiols at a faster rate 

than acrylates; therefore, it is believed that the amount of free thiols available for crosslinking with PEGDA 

between the high and low DOT groups is roughly equivalent42. As such, any inefficiencies in crosslinking 

should be seen in both groups. This was further confirmed through rheological analysis of gels with high 

(with NEM) and low DOT, with the stiffness of the two groups being statistically equivalent (Figure 2.5). 
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Following 10 hours of hyaluronidase degradation, it was found that the 30.2% DOT HA-SH 

degraded significantly less than the 17.8% DOT HA-SH, and these results suggest that fewer hyaluronidase 

recognition sites exist at a higher DOT (Figure 2.4b, c).   

Similarly, the bioactivity of CS-SH with respect to DOT was tested through hyaluronidase digestion 

since CS is also cleavable by hyaluronidase. Low DOT CS-SH (17.6%) and high DOT CS-SH (35.1%) were 

gelled with consistent crosslink density using the same methods as described for HA-SH. As expected, CS-

SH generally degraded less than HA-SH due to the molecular differences between the two GAGs. 

Furthermore, similar to HA-SH, high DOT CS-SH also degraded less than low DOT CS-SH, and these results 

also suggest limited hyaluronidase recognition of CS due to increased modification (Figure 2.4b, c).  

For both CS and HA, decreasing DOT resulted in increased susceptibility to hyaluronidase 

degradation. Increased susceptibility would not only allow encapsulated cells to more easily remodel their 

environment but also make the hydrogels more susceptible to degradation in the presence of increased 

concentrations of hyaluronidase, such as those found in pro-inflammatory environments43. As such, the 

optimal DOT of CS-SH and HA-SH will depend on the intended application and target environment of the 

hydrogel.  While others have detailed how crosslink density affected the degradation rate of HA hydrogels, 

changes in degradation rate depended on both the degree of modification and the diffusivity of species 

within the hydrogel44,45. By capping free thiols, we were able keep crosslink density constant, removing a 

confounding factor with regard to hyaluronidase degradation.  
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Figure 2.4: Degradation of HA-SH (MW: 100 kDa, 1.5 w/v%) and CS-SH (MW: 40 kDa, 1.5 w/v%) hydrogels 

as a function of GAG DOT. (a) Schematic of NEM mediated capping of free thiols on HA-SH. (b) Degradation 

of HA-SH and CS-SH over time. (c) Cumulative Degradation of HA-SH and CS-SH at 10 hours. * denotes 

statistical significance (P < 0.05) between groups 
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Figure 2.5: G’ of GAG-SH at high and low DOT. (a) G’ of CS-SH at high (34.8%) and low (17.6%) DOT. (b) G’ 

of HA-SH at high (30.4%) and low (17.8%) DOT. n.s. denotes no significance between groups (p > 0.05)  

 

2.3.2.2: Peptide-Glycan Interaction with Thiolated GAG Hydrogels 

Another selected measure of bioactivity with regard to the DOT of the GAGs was the ability for 

biomolecules to interact with or bind to the thiolated GAGs, as occurs between proteins, such as growth 

factors, and GAGs within the extracellular matrix (ECM). As biomolecule analogs, the peptide-glycans CS-

GAH and HA-YKT, which bind to HA and CS, respectively, served as proxies for protein and proteoglycans 

that interact with GAGs. These molecules were chosen as biomolecule analogs due to our previous 

experience developing and characterizing peptide-glycan constructs, with CS-GAH in particular previously 

described as an aggrecan mimetic that binds to HA35,46. Both GAH and YKT peptides were originally 

discovered from peptide arrays with the intention of maximizing interaction with HA and CS, 

respectively47,48. Following incubation with solubilized CS-GAH, which had an average of ten peptides 

bound to one CS molecule, it was found that significantly less CS-GAH bound to HA-SH of higher DOT 

compared to that of the lower DOT (Figure 2.6). Similarly, significantly less HA-YKT, which had an average 
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30 peptides bound to one HA molecule, bound to the high thiolation CS-SH compared to the lower 

thiolation CS-SH (Figure 2.6). These results are consistent with other previously reported protein binding 

studies. Kwon et al demonstrated decreased CD44 binding to HA as the HA was increasingly modified31. 

Although the HA and CS binding peptides are not derived from a specific protein, cationic charge motifs 

similar to those found in GAH and YKT peptides have been documented in the heparin binding domains 

of several proteins49. Because of these similarities in amino acid sequence and charge, the ability of these 

peptide-glycans to bind to HA-SH and CS-SH provides insight as to how heparin binding proteins might 

interact with the GAGs as a function of DOT. After six days of culture in HA-SH and CS-SH gels of high and 

low DOT, a small increase in MSC viability was found in the low DOT CS-SH gel compared to the high DOT 

gel, but no difference was found between the HA-SH gels of low and high DOT (figure 2.7). This difference 

in viability may be explained through differences in protein binding, as seen in the peptide-glycan binding 

assay. A decrease in cell viability was seen in all groups over the culture period, though this may have 

been due to the slow diffusion of cellular DNA from the hydrogel.    

 

Figure 2.6: HA-YKT Binding to CS-SH (MW: 40 kDa) and CS-GAH binding to HA-SH (MW: 100 kDa) as 

measured by intrinsic fluorescence of tyrosine and tryptophan Residues. * denotes statistical significance 

(P < 0.05) between groups  
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Figure 2.7: Live/dead assay of MSCs encapsulated in HA-SH (MW: 100 kDa, High DOT 30.4%, low DOT: 

17.8%, 1.5 w/v%) and CS-SH (MW: 100 kDa, High DOT 34.8 %, low DOT: 17.6%, 1.5 w/v%) gels at high and 

low DOT. (a) MSCs in HA-SH or CS-SH Hydrogels stained with Calcein AM (green) and Ethidium homodimer 

(red) at day six. Scale bar represents 100 μm (b) MSC viability at day one, n = 3. (c) MSC viability at day six, 

n = 3. * denotes statistical significance (P < 0.05) from all other groups. n.s. denotes no significance 

between groups (P > 0.05) 

 

2.3.3: Effect of HA Molecular Weight on Hydrogel Stiffness and Hyaluronidase Activity  

To determine the effect of HA molecular weight on the enzymatic degradation of the resulting 

hydrogel, 10 kDa, 60 kDa, 100 kDa, 200 kDa, and 500 kDa HA-SH were synthesized with an approximate 

DOT of 17±0.4%. For this experiment, we hypothesized that hydrogels formed with higher molecular 

weight HA would be more resistant to degradation due to the increased number of crosslinks per polymer 
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chain and reduced number of chain ends. As such, once one glycosidic bond was hydrolyzed by 

hyaluronidase, the probability of the cleaved chain remaining connected to the polymer network would 

be higher for polymers of higher molecular weight. To keep crosslink density consistent between all 

groups, the same amount of PEGDA was used to crosslink all HA-SH groups. Following 8 hours of enzymatic 

degradation with hyaluronidase, it was found that between 60 kDa and 500 kDa, there was little difference 

in the rate of enzymatic degradation, contrary to our initial hypothesis. In contrast the 10 kDa HA-SH did 

show significantly greater degradation than did the HA-SH of higher molecular weights (Figure 2.8a,b). To 

contextualize this difference in degradation between the different molecular weights of HA-SH, the 

stiffness of the intact gels was determined. It was found that between 60 kDa and 500 kDa, there was no 

significant difference in stiffness, but the gels made with 10 kDa HA-SH were significantly weaker than the 

other groups (Figure 2.8c). The similar rates of degradation is probably due to the diffusivity of these 

hydrogels being similar, with this being inferred from the similar storage moduli between these groups. 

As such, the diffusivity of hyaluronidase could be the rate limiting factor for hydrogel degradation  and 

why these hydrogels had similar degradation rates. In contrast, the weaker 10 kDa HA hydrogel may have 

allowed for increased hyaluronidase diffusion, resulting in quicker degradation. Thus, at an HA MW >60 

kDA and a DOT of ~17%, the number of end groups does not significantly alter the stiffness of gels or the 

susceptibility to enzymatic degradation.  

  Although the molecular weights of HA used in other reported hydrogel systems have varied 

between studies and ranged from 40 kDa50 to 1.5 MDa36, the results reported here suggest that this 

inconsistency between MW of HA studied should not have a large effect on the enzymatic degradation 

rates nor on the stiffness of HA gels. Therefore, when fabricating HA only or DPN hydrogels, molecular 

weights above 60 kDa may not be one of the governing factors in polymer design with regard to 

degradation or stiffness. Going forward, 100 kDa HA-SH was chosen for CS/HA DPN experiments as it 

readily dissolved at the high concentrations required for hydrogel synthesis compared to the 200 kDa and 
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500 kDa variants, which exhibited lower solubility and are challenging to work with due to higher solution 

viscosity.   

 

Figure 2.8: Enzymatic Degradation of HA-SH Hydrogels (DOT: ~17±0.4%) with Respect to HA Molecular 

Weight. (a) Degradation of HA-SH gels of multiple molecular weights over time. (b) Cumulative 

degradation of HA-SH gels at eight hours. (c) Storage modulus of HA-SH with respect to HA molecular 

weight. Groups sharing letters are not statistically different (P > 0.05). * denotes statistical significance (P 

< 0.05) from all other groups.  n.s. denotes no significance between groups ( P > 0.05). 

 

2.3.4: Mechanical Properties of CS/HA DPN Hydrogels 

After determining the effects of DOT on degradation and peptide-glycan binding, we sought to 

characterize hydrogels fabricated with a CS/HA DPN network. The goal of this study was to develop an 

understanding of how the combination of CS and HA, specifically the ratio in which the two GAGs were 

incorporated, affected the properties of the hydrogel. Two main considerations regarding the GAGs were 

taken into account. First, the molecular weight of the HA was more than double that of the CS, and 

therefore crosslinking the two polymers together at different ratios may affect the stiffness and 

degradation of the materials. Second, due to the sulfate groups present on CS but not HA, modulating the 
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CS to HA ratio of the CS/HA DPN hydrogels would affect the internal charge of the hydrogels and could in 

turn affect swelling, stiffness, and degradation.  

To test the mechanical properties of the CS/HA DPN hydrogels, gels with CS to HA w/w ratios of 

10:0, 7:3, 5:5, 3:7, and 0:10 were fabricated with the same amount of PEGDA crosslinker to ensure that 

the crosslink density was consistent between groups. All groups containing any amount of CS had shear 

moduli that were not significantly different from one another (Figure 2.9). However, the group containing 

only HA had a significantly higher G’ than all groups containing CS, including the DPN group that was 

predominantly HA (Figure 2.9). These results suggest that inclusion of CS into the DPN reduces the 

modulus of the gel, but this reduction did not depend on CS concentration. Although it has been shown 

that inclusion of CS into collagen hydrogels can decrease gel stiffness through interactions with the 

protein, it has not been shown previously that CS has a similar effect on HA gels51.  This observation 

warrants further future study to determine whether CS-HA interactions, or perhaps the presence of 

increased negative charge, are responsible for altering gel polymer structure and therefore the stiffness 

of these gels. 
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Figure 2.9: Storage Modulus of CS/HA (CS MW: 40kDa, CS DOT: 17.6%; HA MW: 100 kDa, HA DOT: 17.8%; 

1.5 w/v% GAG) DPN hydrogels at 1 rad/s. * denotes statistical significance (P < 0.05) from all other groups. 

n.s. denotes no significance between groups (P > 0.05) 

2.3.5: CS/HA DPN Hydrogels Resist Enzymatic Degradation 

The enzymatic degradation of CS/HA DPNs was tested to determine the effect of blending the two 

polymers on the degradation of the bulk hydrogel, given the differences in enzymatic degradation 

between CS-SH and HA-SH. Chemical analysis of the hydrogel supernatant could not be performed due to 

a lack of HA-specific assays.  For example, the carbazole assay measures the presence of glucuronic acid 

from HA and CS indiscriminately, whereas HA enzyme-linked immunosorbent assays (ELISAs) are limited 

because of decreased recognition of the modified, short fragments of HA that are released upon 

degradation52. As a result, bulk degradation of the DPN hydrogels was assessed through recording the 

total mass of the swollen gels daily and measuring the change in mass of the polymer content within the 

gel at the end of seven days. As the gels degraded over the course of seven days, most gels experienced 

an initial increase in mass likely caused by decreased crosslink density and increased swelling capacity 
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(Figure 2.10a,c).  At longer times, a decrease in mass was observed likely coincident with sufficient 

polymer degradation to release free polymer fragments from the gels (Figure 2.10a,d). Although all groups 

reached a similar maximum increase in mass (~14-18%), the time point at which they did so roughly 

corresponded to their relative CS content. Groups with increased relative CS content reached their 

maximum mass earlier, and groups with increased relative HA content reached their peak later (Figure 

2.10a).  

Based upon findings regarding the degradation of the CS-SH and HA-SH homopolymer gels, we 

expected the CS only gel to have the slowest degradation rate and that increased CS content in the DPN 

groups would result in slower degradation. However, after seven days, the percentage of the polymer 

degradation of the DPN hydrogels was significantly lower than both the CS and HA homopolymer gels 

(Figure 2.10b). Over the same period, there was no significant difference in polymer content loss between 

the DPN groups. Although initial homopolymer tests did show resistance to hyaluronidase by CS, that 

previous experiment did not explore the long-term degradation mechanics of the gels. As such, our initial 

hypothesis did not consider the swelling mechanics of DPN hydrogels as they degraded over a longer 

period of time. The CS hydrogel swelled to a greater degree and at a faster rate than all of the other 

groups, likely due to the high density of the negatively-charged sulfate groups on the CS backbone, and 

this swelling may have allowed for increased hyaluronidase infiltration and more rapid degradation.  On 

the other hand, although the HA did not swell to the same degree as the CS gel, HA is more susceptible to 

hyaluronidase degradation and thus the HA gel degraded at a faster rate than the CS gel. Based on the 

observed degradation of the HA-only and CS-only gels, it is believed that DPN hydrogels degraded less due 

to a balance of decreased hyaluronidase-susceptibility of CS and the lower swelling capacity of HA.  As 

such, given the multifaceted nature of exogenous enzyme degradation involving both enzyme substrate 

recognition and enzyme infiltration, DPN hydrogels demonstrated reduced polymer degradation over 

time. 
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Figure 2.10: Swelling and Degradation Mechanics of CS/HA (CS MW: 40kDa, CS DOT: 17.6%; HA MW: 100 

kDa, HA DOT: 17.8%; 1.5 w/v% GAG) DPN Hydrogels in the Presence of Hyaluronidase. (a) Change in total 

mass of gels over time. (b) Percent polymer degradation after seven days. (c) Percent change in total gel 

mass after four days of hyaluronidase treatment. (d) Percent change in total gel mass after seven days 

hyaluronidase treatment. Groups sharing letters are not statistically different (P > 0.05). * denotes 

statistical significance (P < 0.05) from all other groups. n.s. denotes no significance between groups (P > 

0.05) 

2.3.6: CS/HA DPN Hydrogels Promote MSC Viability 
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 Although it is known that MSCs are able to interact with HA through the CD44 receptor, it has not 

been shown directly that MSCs use CD44 to interact with CS. However, CD44 is able to interact with CS in 

a cell-free system, and these results suggest that MSCs can bind to CS through CD4453. To evaluate the 

ability of the CS/HA DPN hydrogels to support cell survival, rabbit MSCs were encapsulated and cultured 

in gels for periods of one and six days. At the end of these time points, live and dead cells were stained 

and counted to determine average cell viability with respect to the hydrogel formulation. After one day 

of culture, no significant difference was found in cell viability, and average cell viability of the MSCs ranged 

from 83% to 87% (Figure 2.11). After culturing for six days, it was found that the cell populations in the 

HA homopolymer gel decreased and exhibited an average viability of 60% (Figure 2.11). In contrast, cell 

populations cultured in groups containing any amount of CS showed significantly higher viability at six 

days, ranging from 76% to 83%, and no significant difference was found between groups incorporating CS 

(Figure 2.7).  

Although the MSCs should be able to bind and interact with the HA only gel via CD44, this 

formulation showed decreased cell viability compared to all CS groups.  This finding suggests that the 

biological signals, in addition to CD44 interactions, provided by CS promote cell viability, but this signal 

does not promote cell viability in a dose-dependent manner. An alternative explanation to increased 

biological signaling coming directly from CS is that swelling due to increased CS content may have allowed 

enhanced nutrient diffusion and thus increased cell viability.  Furthermore, the HA only gel was found to 

be significantly stiffer than all CS containing gels, with this increase in stiffness also possibly contributing 

to decreases in cell viability. Of note, all groups showed significant decreases in the percentage of viable 

cells between one day and six days of culture. This decrease may have been due to the lack of other 

supporting biological polymers, such as collagen, as similar decreases in cell viability over time in GAG-

only gels have been reported elsewhere18,54. In those cases, cell viability increased following the inclusion 



 

60 
 

of collagen into the polymer network. To promote cell viability in future studies, collagen or other ECM 

proteins can be included to provide support for encapsulated cells.  

 

Figure 2.11: Live/dead assay of MSCs encapsulated in CS/HA (CS MW: 40kDa, CS DOT: 17.6%; HA MW: 100 

kDa, HA DOT: 17.8%; 1.5 w/v% GAG) DPN Hydrogels. (a) MSCs in CS/HA DPN Hydrogels stained with 

Calcein AM (green) and Ethidium homodimer (red) at day six. Scale bar represents 100 μm (b) MSC viability 

at day one, n = 3. (c) MSC viability at day six, n = 3. (d) Change in MSC viability between day one and day 

six. * denotes statistical significance (P < 0.05) from all other groups. n.s. denotes no significance between 

groups (P > 0.05) 

2.4. Conclusion 

In this study we demonstrated the effects of CS-SH and HA-SH polymer design on the physical and 

bioactive properties of hydrogels. The minimum DOT was determined for the formation of robust 

hydrogels. HA molecular weight >60 kDa was not found to be a large factor impacting the enzymatic 

degradation and hydrogel stiffness. Increasing the DOT of both HA-SH and CS-SH was found to decrease 

their bioactivity as determined by both their ability to be degraded by hyaluronidase and their ability to 
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interact with HA and CS-binding peptides. These assays were performed as analogues for cellular 

interactions with their environment. CS-SH and HA-SH were incorporated together into DPN hydrogels 

with the eventual goal of stimulating encapsulated cells with the combined biological signals of the GAGs. 

DPN hydrogels resisted degradation by hyaluronidase to a greater degree than CS and HA homopolymer 

gels. Finally, the incorporation of CS in any amount into the DPN hydrogels demonstrated an increased 

ability to promote cell viability over the HA homopolymer gel.  
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3.  Glycosaminoglycan Blend Hydrogels Suppress 

Inflammation from Pro-inflammatory Cytokines in 

Encapsulated Chondrocytes  

This chapter consists of a manuscript in progress by Michael Nguyen, Julie C. Liu, and Alyssa Panitch 

Abstract: 

 Osteoarthritis is characterized by the enzymatic breakdown of the articular cartilage through a 

disruption of chondrocyte homeostasis, ultimately resulting in the destruction of the articular surface and 

reduced limb movement. Although several methods have been employed to attempt to reconstruct the 

damaged cartilage, recent decades of research have highlighted the importance of inflammation in the 

progression of osteoarthritis. Inflammatory cytokines including interleukin 1-beta and tumor necrosis 

factor alpha shift resident chondrocytes into a pro-catabolic state, resulting in poor outcomes following 

cell implantation. As such, a method to both promote the growth of new cartilage and to protect the 

implanted cells from the pro-inflammatory cytokines found in the joint space is required. In this study, we 

fabricated dual polymer network hydrogels out of chondroitin sulfate and hyaluronic acid, 

glycosaminoglycans known for their anti-inflammatory and pro-chondrogenic biological signals, as well as 

interpenetrating network hydrogels through the addition of collagen type I to modulate hydrogel 

mechanical properties. When stimulated with pro-inflammatory cytokines, glycosaminoglycan hydrogels 

showed no significant degradation compared to their unstimulated controls. Mild inflammation was 

detected through changes in metabolism, DNA production, interleukin 6 production, and gene expression 

of catabolic and anabolic markers, though this inflammation was less than that seen in a collagen type I 
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only hydrogel. Overall, glycosaminoglycan hydrogels can suppress inflammation in the encapsulated cells, 

laying the groundwork for future anti-inflammatory materials.  

3.1. Introduction 

 Osteoarthritis (OA) is one of the most common and significant joint diseases in the world, with 

factors such as age, obesity, and genetics contributing to its prevalence1,2.  OA is a degenerative disease 

of the joint, characterized by a disruption in the homeostasis of the articular cartilage, breakdown of the 

extracellular matrix and the malfunction of the resident chondrocytes3. While it was previously thought 

that much of the degradation of cartilage in OA was due to mechanical wear, research in the recent 

decades have highlighted the importance of pro-inflammatory cues such as Interleukin 1β (Il-1β)4 and 

tumor necrosis factor alpha (TNF-α)5 in the context of total joint inflammation6–9. Although not as inflamed 

as joints in rheumatoid arthritis, pro-inflammatory cues have been found in the synovial fluid of OA 

affected joints, with these cytokines now believed to play a significant role in the progression of OA10,11. 

 In late-stage OA, excessive degradation of the articular cartilage can lead to the formation of 

significantly sized cartilage defects, leading to pain and loss of limb movement12. Due to the avascular 

nature of cartilage, as well as the low resident cell population, cartilage has limited healing capability13,14. 

Treatments like autologous chondrocyte implantation (ACI), where the cartilage defect is repopulated 

with the patient’s own chondrocytes to repair the defect, have seen some clinical success, though the 

quality of the new cartilage is still inferior to that of the original15. Furthermore, adverse effects such as 

graft failure, fibrosis, and hypertrophy have been observed following the ACI procedure16. These adverse 

effects have been correlated with increased levels of Il-1β, suggesting that inflammatory activity may be 

the cause of the procedure failure16–18.  

To address the issue of cartilage defects, the field of tissue engineering has sought to develop 

methods to engineer cartilage to repair the defect19–22. Although many solutions using a diverse set of 
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materials have been developed, many of these studies were performed in the absence of pro-

inflammatory cytokines. As such, while many of these studies have produced robust cartilage 

replacements, few studies have looked at the potential effects of pro-inflammatory cytokines on the 

outcomes of the engineered cartilage. This is an important consideration to make, as exposure to these 

pro-inflammatory cytokines can significantly affect the chondrocytes’ ability to produce new matrix 

components and can shift them into a catabolic state. Stimulation with pro-inflammatory cytokines can 

lead to increased secretion of collagenases like matrix metalloproteinase 13 (MMP13)23, aggrecanases like 

a disintegrin and metalloproteinase with thrombospondin motifs 4 and 5 (ADAMTS4, ADAMTS5)24, and 

hyaluronidases. Conversely, many studies have looked to dampen the effects of inflammation on 

chondrocytes through methods such as soluble factors and cell cocultures, but many of these studies have 

been focused on the inflammatory response of the chondrocytes, rather than their anabolic capability25–

30. As such, although both aspects of OA treatment, the repair of defects and the dampening of 

inflammation, have been well studied, there are few studies that have looked at the overlap of tissue 

engineering and the pro-inflammatory environment. 

 To fill this knowledge gap, we sought to study the engineering of a cartilage replacement using 

chondrocytes encapsulated in a hydrogel scaffold while also protecting the cells from a pro-inflammatory 

environment. To accomplish this, we opted to employ the glycosaminoglycans (GAGs) chondroitin sulfate 

(CS) and hyaluronic acid (HA) as the polymers for our hydrogel. The use of these GAGs for a cell scaffold 

provides two main benefits: promotion of chondrogenic activity25,31–34 and anti-inflammatory effects35–39. 

For one, HA and CS are native components of cartilage, as a free-floating GAG in the case of HA40 and as 

part of the proteoglycan aggrecan in the case of CS41. Many studies have demonstrated that the 

incorporation of these GAGs, either as scaffold components32,42 or in their soluble form43, leads to better 

outcomes with regard to cartilage tissue engineering. Similarly, many studies have demonstrated the anti-

inflammatory effects of HA and CS in their soluble form against many different pro-inflammatory 
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agents26,27,38. For our study, to maximize the signals of the GAGs, we opted to use minimally modified HA 

and CS to prevent loss of biological activity. Furthermore, we used a blend of CS and HA at two ratios of 

CS to HA, as our previous work demonstrated the superiority of a blended GAG hydrogel over a 

homopolymer hydrogel of either CS or HA44. This was also done to probe for any differences in outcomes 

with regard to CS and HA ratio, as it is possible these two GAGs have different effects on encapsulated 

cells. Finally, to add a tensile force to oppose the swelling force of the GAG hydrogel, reducing fluid 

infiltration and volumetric expansion, as well as add additional binding sites for the cells, we made some 

hydrogel groups into GAG/collagen type I interpenetrating network (IPN) hydrogels45. Altogether, we used 

our GAG hydrogels, at different GAG blends and collagen contents, to study the interplay between the 

cells and a bioactive material in the context of tissue engineering in a pro-inflammatory environment.  

3.2. Materials and Methods 

3.2.1: Synthesis and Characterization of Thiolated Hyaluronic Acid and Chondroitin Sulfate 

 Thiolated GAGs were synthesized using a previously reported method44. GAGs HA (molecular 

weight 100 kDa, Lifecore Biomedical) and CS (molecular weight 40 kDa, Seikigaku Corporation) were first 

dissolved in 0.1 M 2-(N-morpholino)ethanesulfonic acid (MES) buffer with 0.2 wt% NaCl at a concentration 

of 5 mg/mL. To convert GAG carboxylic acid groups to thiols, dithio-bis(propionohydrazide) (DTP) was 

added in sufficient quantity to convert eighteen percent of GAG carboxylic acid groups. Conjugation was 

performed using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), which was added in a 2:1 ratio of 

EDC to DTP. The solutions were titrated to pH 4.5 and reacted overnight. The disulfide bonds of DTP were 

cleaved through titrating the solutions to pH 8.5 and the addition of dithiothreitol (DTT), which was added 

in 3:1 molar excess of DTP. After three hours at room temperature, the solutions were then titrated back 

down to pH 4.5 to prevent the reformation of disulfide bonds. Polymer solutions were then purified using 

a KrossFlo KR2i tangential flow filtration (TFF) unite (Repligen) using a 10 kDa molecular weight cut off 
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column and a transmembrane pressure of 18 PSI. Polymer solutions were purified until a permeate 

volume of three times the reaction volume had been reached. Following purification, polymer solutions 

were filtered through a 0.2 μm filter, frozen, and lyophilized. Free thiol content of thiolated GAGs was 

determined using an Ellman’s assay, with degree of thiolation defined as the percentage of GAG carboxylic 

acid groups converted to free thiols.    

3.2.2: Fabrication of Blended GAG Hydrogels and GAG/Collagen IPNs 

 Dry polymer was first sterilized through immersion in absolute ethanol. Excess ethanol was 

removed and the polymer was dried in a laminar flow hood. Stock solutions of HA-SH and CS-SH were 

prepared by dissolving the GAGs in phosphate buffered saline (PBS) at a concentration of 80.8 mg/ml. To 

prepare blended GAG hydrogels, stock GAG solutions were made of either 7:3 CS-SH to HA-SH, or 3:7 CS-

SH to HA-SH to study any differences in anti-inflammatory activity arising from differences in GAG 

structure and sulfate content. 3 wt% GAG hydrogels were prepared by combining 150 μL 20 mM acetic 

acid, 35 μL PBS, 25 μL 260 mg/ml poly(ethylene glycol) diacrylate (PEGDA), and 130 μL of the blended GAG 

solutions. Polymerization was done by titrating the pre-gel solutions to pH 7.8. For GAG/collagen IPNs, 

the 20 mM acetic acid solution was substituted for a 9.33 mg/mL solution of rat tail collagen type 1 

(Corning), leading to a final collagen concentration of 0.4 wt%. Following titration, 90 μL gels were made 

by placing the solution into 8 mm silicone molds and incubating them at 37O C for one hour in a humidified 

environment. Collagen only gels were made by mixing 265 uL of 9.33 mg/mL collagen type I solution with 

35 uL 10X PBS, titrating to pH 7.8, and then mixing in 35 uL of the cell suspension at the same cell 

concentration. Collagen gels were pipetted into the 8 mm silicone molds and incubated at 37o C for two 

hours. 

3.2.3: Mechanical Testing of Hydrogels 
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 Compressive mechanical testing was performed using a Discovery Hybrid Rheometer (TA 

Instruments). Prior to compressive testing, hydrogels were allowed to swell in PBS overnight. Hydrogels 

were placed on the stage under an 8 mm head and compressed until 50% strain at a constant rate of 5 

μm/s. Compressive modulus was then calculated from the linear portion of the stress/strain curve.  

3.2.4: Characterization of Hydrogel Swelling and Diffusive Properties  

 For the characterization of hydrogel swelling as a function of composition, gels were made directly 

in 0.5 mL centrifuge tubes. Following gelation, PBS was pipetted atop and the tubes were allowed to 

equilibrate. After swelling, the new mass of the hydrogels was taken and the hydrogels were washed three 

times with deionized water. Hydrogels were then lyophilized, with the swelling ratio being calculated as 

the ratio between the swollen and dry masses.  

 To characterize the diffusivity of the hydrogels, hydrogels were loaded with rhodamine 

isothiocyanate labeled 70 kDa dextran (dextran-RITC) prior to gelation. Following gelation, gels were 

submersed in PBS, with the mass of dextran-RITC being determined from the fluorescence of the 

supernatant. Dextran-RITC release from the hydrogels was monitored over the course of one week.  

3.2.5: Primary Animal Chondrocyte Isolation and Culture 

 Primary fetal bovine articular chondrocytes (fbACs) were isolated from the cartilage of hind knees 

of fetal bovines (Animal Technologies). Cartilage slices were shaved off of the medial condyle and digested 

in a solution of 0.2 w/v% collagenase P (Millipore Sigma), 0.1 w/v% bovine serum albumin (Millipore 

Sigma), 3% fetal bovine serum (FBS) (Gibco) for two hours. Following digestion, cells were strained out of 

undigested cartilage through a 70 μm cell strainer. Collected cells were either cryopreserved in Cryo-SFM 

(Promocell) until needed or expanded in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco) 

supplemented with 10% FBS and 1% penicillin/streptomycin/amphotericin (Gibco). Cells were used 

between passage 2-5.  
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 Primary rabbit chondrocytes (rACs) were isolated from the cartilage of the hind limbs of skeletally 

mature New Zealand White rabbits. Chondrocytes were isolated using the same method and were used 

between passages 1-3.    

3.2.6: Chondrocyte Culture in Pro-inflammatory Conditions  

3.2.6.1: Effect of Pro-inflammatory Conditions on Hydrogels 

 Cell laden hydrogels were either cultured in pro-inflammatory media consisting of the cell 

expansion media supplemented with 50 μg/mL ascorbic acid (Millipore Sigma) and 20 ng/mL recombinant 

human IL-1β (Peprotech) for fbACs and 10 ng/mL for rACs to simulate the osteoarthritic environment, or 

in non-inflammatory media consisting of the cell expansion media supplemented with 50 μg/mL ascorbic 

acid and 40 ng/mL Dexamethasone (Millipore Sigma). Hydrogels were cultured in 48-well plates with 

media exchanged and collected every two days. fbACs were encapsulated at a final cell concentration of 

2 million cells/mL and rACs were encapsulated at a final cell concentration of 0.5 million cells/mL. fBACs 

were used for the majority of studies to study the anti-inflammatory effects of the hydrogels, with rACs 

from mature rabbits as a secondary cell type for proliferation studies due to differences in proliferative 

behavior seen in juvenile cells. A lower cell seeding density was used for rACs due to difficulties in 

chondrocyte expansion. 

3.2.6.2: Analysis of Cell Proliferation in Response to Pro-inflammatory Conditions  

 Cell proliferation and metabolic assays were studied with both fbACs and rACs. Changes in cell 

proliferation as a result of culture in pro-inflammatory conditions was determined through differences in 

total cell metabolism at the beginning and end of a fourteen-day period. Cell metabolism was determined 

by immersing the hydrogels in 10% AlamarBlue (Invitrogen) in culture media for four hours, then 

measuring the fluorescence of the media. Prior to the assay, hydrogels were allowed to swell overnight 

to ensure equal diffusion of AlamarBlue into the hydrogel.  
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 To measure changes in hydrogel DNA content following pro-inflammatory culture, hydrogels were 

placed in 400 μL 1 mg/mL hyaluronidase type I-S (Millipore Sigma) and 1X proteinase inhibitor 

(ThermoFisher), mechanically homogenized with a rotary tissue homogenizer, and digested overnight. 50 

μL gel digest was combined with 50 μL PicoGreen reagent (ThermoFisher), with DNA concentration 

determined through the fluorescent signal at excitation 485 nm and emission 535 nm. A DNA calibration 

curve was constructed using lambda phage DNA (Thermofisher).  

3.2.6.3: Effect of Pro-inflammatory Conditions on Hydrogel Integrity  

 To assess how the pro-inflammatory conditions changed the physical properties of the material 

through stimulation of the fbACs, the changes in wet and dry mass, as well as changes compressive 

strength were measured. At time points of seven and fourteen days, the hydrogels were harvested and 

weighed in pre weighed centrifuge tubes. The compressive strength was then tested using the methods 

previously described. Finally, the hydrogels were frozen, lyophilized, and weighed again to determine the 

dry mass. For further testing of changes in hydrogel mass, the amount of CS released into the media during 

culture was determined using a dimethylmethylene blue (DMMB) assay.  

3.2.6.4: Analysis of Secreted Cytokines in Response to Pro-inflammatory Conditions 

 To determine ability of Il-1β to induce inflammation in the embedded chondrocytes, the secretion 

of Il-6 as a marker of inflammation was analyzed. The collected media for each replicate from the fbAC 

culture was pooled together and then analyzed for Il-6 content through a sandwich enzyme linked 

immunosorbent assay (R&D Systems) targeting bovine Il-6. Media collected between 2-6 days and 8-14 

days were pooled together to study changes in Il-6 production overtime. As controls, collagen type one 

hydrogels were also seeded with fbACs and analyzed for Il-6 production over time.  

3.2.6.5: Analysis of Gene Expression in Response to Pro-inflammatory Conditions   
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 To determine the effects on Il-1β on the expression of anabolic and catabolic chondrocyte genes, 

the mRNA of the embedded fbACs was analyzed using quantitative polymerase chain reaction (qPCR) 

following fourteen days of either pro or non-inflammatory culture. Following culture, hydrogels were 

immersed in TRIzol LS according to manufacturer directions, then homogenized using a Tissue Tearor rotor 

homogenizer. Samples were centrifuged to remove the solid components, with the mRNA extracted from 

the supernatant according to manufacturer's instructions. Following mRNA extraction, cDNA was 

synthesized using a High-Capacity cDNA Reverse Transcription kit (Invitrogen) according to manufacturer 

instructions. 

 qPCR was performed using Taqman probes (Thermofisher) targeting collagen II and aggrecan as 

markers for chondrogenic anabolic activity, collagen I and collagen X as markers for hypertrophy, and 

MMP13 and ADAMTS5 as markers for inflammation induced catabolic activity. Regulation of gene 

expression was analyzed using the ΔΔCt method, with expression of genes of interest first normalized to 

expression of GAPDH and then to either the Il-1β stimulated collagen only hydrogel control or to each 

group’s respective unstimulated control.   

3.2.7 Statistical Analysis 

 All experiments were conducted in at least triplicate. Statistical significance between two groups 

was determined using a Student’s T-Test. Statistical significance between three or more groups was 

determined using a one-way ANOVA, with significance between groups being determined using a Tukey 

post hoc test. Statistical analysis was done with GraphPad Prism software. A probability value of 95% (P < 

0.05) was used to determine statistical significance.    

3. Results 

3.3.1: Effect of GAG ratio and the Inclusion of Collagen on Hydrogel Physical Properties 
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 One consequence of modulating the ratio of CS to HA in the blended GAG hydrogels was changes 

in the charge density of the hydrogel due to the difference in charge between the sulfated CS and the 

unsulfated HA. As a result, the 7:3 CS/HA hydrogel exhibited increased swelling compared to the 3:7 CS/HA 

hydrogel, likely due to an increased negative charge (figure 3.1c). However, the inclusion of collagen in 

the 7:3 hydrogel reduced hydrogel swelling, making it equal to the 3:7 hydrogel with and without collagen. 

This is likely due to the tension of collagen network resisting the swelling in 7:3 formulation. Despite this 

difference in swelling, the initial compressive moduli of all hydrogel formulations, with and without 

collagen, in their swollen state were equivalent (figure 3.1a). However, after one week of incubation in 

cell media, acellular hydrogels had reduced compressive strength (figure 3.1b). This was the most 

apparent in the 7:3 with no collagen hydrogel, which lost a quarter of its initial compressive modulus. The 

inclusion of collagen in both GAG blend formulations reduced the loss of compressive strength, possibly 

through the restriction of further swelling and through preventing further loss of material.       

 To characterize how the hydrogel formulation affects its diffusivity, hydrogels were loaded with 

dextran-RITC, with the rate of dextran-RITC release monitored over the course of a week (figure 3.1d). 

The inclusion of collagen appeared to stabilize the release of dextran-RITC, with the 7:3 and 3:7 

formulations with collagen releasing equivalent amounts of dextran-RITC over the course of a week. In 

contrast, the 3:7 without collagen hydrogel released the most dextran-RITC, with the 7:3 without collagen 

formulation releasing the least dextran-RITC. However, this difference in release can be attributed to the 

difference in burst release in the first day. Since the 7:3 without collagen hydrogel demonstrated 

significant swelling, it is theorized that the influx of water reduced the release of dextran-RITC. Following 

the burst release of dextran-RITC, the rate of release was more consistent between groups, implying 

similar hydrogel diffusivities across all formulations.  
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Figure 3.1: Physical properties of GAG hydrogels with differing GAG blends and collagen contents. A) Initial 

compression modulus of swollen hydrogels. B) Compression modulus after fourteen days of acellular 

culture. C) Change in mass of hydrogels (%) following overnight swelling in PBS. D) Release profiles of 

dextran-RITC over 196 hours. Groups denoted by * are statistically significant from other groups (P < 0.05). 

Groups sharing the same letter are not statistically significant from one another (P > 0.05).  Groups denoted 

by n.s. are not statistically significant from one another.  

3.3.2: Changes in Hydrogel Integrity Following Culture in Pro-inflammatory Conditions 

 To understand the changes in encapsulated cell behavior with regard to their environment when 

cultured in pro-inflammatory conditions, changes in hydrogel mass and compressive strength were tested. 
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During the fourteen days of culture, all cell laden hydrogels exhibited a decrease in compressive strength 

over time, with the degree of loss of compressive strength correlating with the formulation of the hydrogel 

(figure 3.2a). As with the acellular hydrogels, the formulations that lost the most strength were the 7:3 

groups, with the addition of collagen in both GAG blends reducing the loss of stiffness. Furthermore, all 

groups exhibited lower compressive strength than their acellular counterparts, indicating that this change 

was due in part to cell activity. However, there were no significant differences in compressive strength 

between the hydrogels cultured in the pro-inflammatory media and the non-inflammatory media, 

meaning this behavior was due to normal cell remodeling behavior and not due to inflammatory 

stimulation. Further measurements of the wet and dry masses of the hydrogels, as well as the CS released 

into the media, showed no significant differences between hydrogels cultured in pro and non-

inflammatory conditions, with the exception of the 3:7 CS/HA -Col1 group, which showed a difference in 

final dry mass between the groups stimulated with and without Il-1β (figure 3.2b,c). Overall, stimulating 

the hydrogels with 20 ng/mL Il-1β showed no large effects on hydrogel integrity, indicating that the 

encapsulated cells are not significantly degrading the scaffold as a result of pro-inflammatory conditions.  
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Figure 3.2: Changes in fbAC laden GAG hydrogel integrity over fourteen days of Il-1β stimulated and 

unstimulated culture. A) Compression Modulus of GAG gels after fourteen days of culture.  B) Gel wet mass 

after fourteen days of culture. C) Gel dry mass after fourteen days of culture. D) Cumulative CS release into 

media over fourteen days of culture. Multiple T-tests were run between stimulated and unstimulated 

groups. Groups marked with * show significant differences between groups (p < 0.05) 

3.3.3: Changes in Cell Viability and Proliferation Under Pro-Inflammatory Conditions 

 To study the effects of Il-1β stimulated culture on the encapsulated cells, an Alamar blue assay 

was performed to analyze changes in metabolic rate over the fourteen-day culture period as an analogue 

for cell viability. In the 7:3 CS/HA groups, along with the 3:7 CS/HA without collagen group, there was a 



 

78 
 

significant increase in metabolic rate in the groups stimulated with Il-1β compared to the unstimulated 

control. (Figure 3.3a).  For the 3:7 CS/HA with collagen and collagen only gels, there was no significant 

difference in metabolic rate between the stimulated and unstimulated groups.  (Figure 3.3a).  

To further understand the effects of pro-inflammatory cytokines on cell proliferation, the DNA 

content was measured from the digested hydrogels. In all GAG groups, there was no significant difference 

in DNA content between the groups cultured in pro-inflammatory and control conditions (Figure 3b). 

However, the DNA content of GAG gels that were stimulated with Il-1β trended upward, with the smallest 

increase in average DNA content being found in the 3:7 + collagen gel. In contrast, when stimulated with 

Il-1β, there was a significant increase in DNA content in the collagen only gels (Figure 3.3b). Taken together 

with the data from the metabolic assays, these experiments suggest that culture in Il-1β caused the 

encapsulated cells to proliferate, with small increases seen in the GAG containing gels and a larger 

increase in the collagen only gel.  

Given the patterns seen with cell metabolism and proliferation with the fbACs, changes in 

proliferation and metabolic rate were also studied with rACs from skeletally mature rabbits over the 

course of one week. In this case, the opposite trend was observed with the collagen only gel, where 

stimulation with Il-1β resulted in the significant decrease in metabolic rate and cellular DNA (figure 3.4). 

No significant differences in metabolic rate or DNA content were observed with the rACs in the GAG 

hydrogels, with no clear trend seen, unlike the fbACs (figure 3.4). This better aligns with the current 

understanding of how Il-1β interacts with the proliferation of chondrocytes. While increases in 

proliferation were seen with the juvenile fbACs, decreases in proliferation were seen with the adult rACs. 

3.3.4: Changes in Cell Inflammation and Secretion of Il-6 

 As a marker of inflammation in response to stimulation by Il-1β, production of Il-6 was measured 

over the course of the fourteen-day culture period (figure 3.3c). As expected, no inflammation was 
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detected in the cells not stimulated by Il-1β, as indicated by no Il-6 produced. All groups stimulated with 

Il-1β produced some level of Il-6, indicating that Il-1β was able to penetrate the scaffolds and stimulate 

the cells. However, the cells in collagen only gels produced ten times the amount of Il-6 compared to the 

cells in the GAG gels, demonstrating that the cells in the collagen gels were more susceptible to becoming 

inflamed in the presence of Il-1β. Furthermore, although the cells in the GAG gels produced significantly 

less Il-6 than those in the collagen gels, there were no differences in Il-6 production among the GAG gels. 

In this case, neither the ratio of CS to HA nor the presence of collagen had an effect on Il-6 production 

when stimulated with Il-1β, despite the differences in presented biomolecules and hydrogel physical 

properties over time. In this case, it appears that culturing in a GAG based gel alone was sufficient to 

dampen the pro-inflammatory effect of Il-1β compared to the collagen only gel control.  

Figure 3.3: Changes in fbAC behavior due to Il-1β stimulation. A) Relative change in metabolic activity after 

fourteen days of culture. B) Total DNA content after fourteen days of culture. C) Cumulative Il-6 production 

after fourteen days of culture. Multiple T-tests were run between stimulated and unstimulated groups. * 

denotes statistical significance between two groups (P < 0.05). 
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Figure 3.4: Changes in rAC behavior in response to Il-1β stimulation. A) Relative change in metabolic 

activity after seven days of culture. B) Total DNA content after seven days of culture. * denotes statistical 

significance between two groups (P > 0.05). 

 

3.3.5: Changes in Expression of Chondrogenic Genes 

 To further quantify the effect of culture in pro-inflammatory conditions on the encapsulated 

fbACs, isolated mRNA was analyzed using qPCR to look at changes in gene expression. Changes in gene 

expression in gel groups stimulated with Il-1β were normalized to the collagen only gel stimulated with Il-

1β to assess how culture in GAG blend gels under pro-inflammatory conditions differed from a collagen 

gel control and to their respective unstimulated control to assess the effect on Il-1β on the encapsulated 

cells given a certain scaffold formulation.  

 In general, all cartilage matrix related genes were downregulated and MMP13 was upregulated 

when all hydrogel groups were stimulated with Il-1β (figure 3.5c,d). There were no large changes in 

expression of Collagen type I and ADAMTS5 with regard to Il-1β stimulation, with the expression of 

collagen type X not detected in any of the groups regardless of Il-1β stimulation. While downregulation of 

chondrogenic genes suggests the cells of all groups are still being affected by Il-1β, a lack of change in 
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collagen type I and X indicate that Il-1β is not contributing to any hypertrophic differentiation of the 

chondrocytes.  

 When normalized to the collagen only gel control stimulated with IL-1β, all groups showed a 

decrease in MMP13 expression and most groups demonstrated an increase in collagen type II and 

aggrecan, with the exception of the 3:7 without collagen gel (figure 3.5a,b). No significant trends were 

found with the expression of COMP. While collagen type I and ADAMTS5 showed increased expression 

compared to the collagen only gel, the lack of change compared to the unstimulated controls suggest that 

this increase in expression may be due to the gel composition rather than due to the inflammatory effects 

of Il-1β. Furthermore, although expression of collagen type X was probed, there was no detectable 

expression of collagen type X, suggesting no hypertrophic differentiation due to cytokine stimulation or 

culture conditions. Overall, culture in the GAG gels under pro-inflammatory conditions promoted the 

expression of certain chondrogenic genes, though the expression of these genes was still lower than their 

respective unstimulated controls.  
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Figure 3.5:  Changes in gene expression after fourteen days of Il-1β stimulated culture. A,C) Changes in 

anabolic gene expression. B,D) Changes in catabolic gene expression. A,B) Changes in gene expression 

normalized to Il-1β stimulated collagen only gel. C,D) Changes in gene expression normalized to respective 

unstimulated group.* Denotes significant differences between groups 

  

3.4. Discussion 

 Although OA has traditionally been considered a cartilage disease resulting from mechanical wear 

of the articular cartilage, in contrast with rheumatoid arthritis, recent studies have shown that 

inflammation is a major component of the pathophysiology of OA. As such, tissue engineering strategies 

that seek to replace cartilage defects that result from OA should consider the pro-inflammatory 
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environment that they will be implanted in. While many studies have demonstrated the ability to promote 

cartilage matrix production and other have demonstrated methods to attune chondrocyte inflammation, 

few have studied the engineering of cartilage in an inflammatory environment. 

 In this study, we developed hydrogels based on the GAGs CS and HA to take advantage of their 

anti-inflammatory and chondrogenic properties. Furthermore, CS and HA were minimally modified to 

maximize the biological signals they present to the encapsulated cells. In addition to GAGs, collagen type 

I was added to the some of the gels for two reasons: to incorporate additional cell binding sites within the 

gel and to provide a tensile force to counteract the swelling of the GAG gels. Using two ratios of CS and 

HA and collagen, we formulated four hydrogels that had similar initial physical conditions with regard to 

compressive strength and diffusivity but presented different biological signals to the encapsulated 

hydrogels. As a control, we opted to use a collagen only gel, as this would be an analogue to the collagen-

based scaffolds already being used in OA treatments such as ACI46.  

One hallmark of OA is the increase in catabolic activity, resulting in the enzymatic breakdown of 

the articular cartilage. However, there was no significant increases in degradation in the GAG hydrogels 

following the fourteen days of stimulation with Il-1β. Although all gels saw a decrease in compressive 

strength over the culture period, even greater than the acellular hydrogels, there was no difference in this 

change between the stimulated and unstimulated gels. This suggests that changes in hydrogel integrity 

may be due to cellular activity that is not associated with inflammation. This is further evidenced by the 

lack of differences in hydrogel mass and release of CS into the media, suggesting that chondrocytes 

encapsulated in these GAG blend gels do not significantly degrade the hydrogels as a result of pro-

inflammatory signals. Under pro-inflammatory conditions, it has been demonstrated that chondrocyte 

hyaluronidase activity is upregulated40,47,48,48–51. In OA, this upregulation of83yaluronicdase activity is 

responsible for the fragmentation of HA and the release of aggrecan from the cartilage. These upregulated 

hyaluronidases are both cell-membrane bound49,50 and extracellular47. As such, the lack of significant 



 

84 
 

hydrogel degradation could be due to several factors: the formation of a DPN with CS, leading to reduced 

hyaluronidase activity due to reduced recognition44; the crosslinking of the GAGs, inhibiting the 

endocytosis of GAGs for degradation in the endosome; or biological signals from the GAGs27, inhibiting 

the increased expression of hyaluronidases through anti-inflammatory activity.    

 Another marker of OA and inflammation is the apoptosis of chondrocytes in the articular 

cartilage52. However, no significant cell death was observed  seen with the fbACs encapsulated in the GAG 

hydrogels nor in the collagen only hydrogel control, though apoptosis itself was not investigated. On the 

contrary, slight increases in metabolic activity and DNA content were found with the GAG hydrogels, with 

significant increases in DNA content found within the collagen only hydrogels. While Il-1β mediated 

apoptosis is a hallmark of osteoarthritis in mature chondrocytes, the findings of the metabolic assays and 

changes in DNA content over time suggest the opposite is occurring. However, instead of cell death, it has 

been found that Il-1β stimulation of juvenile chondrocytes can lead to increased proliferation53–55. In these 

cases, increased proliferation of juvenile chondrocytes leads to an increase in the size of the proliferating 

zone of cartilage and reduced differentiation into hypertrophic chondrocytes54–56, whereas Il-1β 

stimulation of adult chondrocytes leads to apoptosis and increased hypertrophic differentiation57,58.  

Because the primary cells used in this study were from bovine fetuses, the findings of this study 

align well with previously reported studies with juvenile chondrocytes. In this regard, it was found that 

proliferation of chondrocytes was lower with the GAG containing hydrogels compared to the collagen only 

gel, suggesting the GAG hydrogels prevented Il-1β mediated proliferation. This is further evidenced by the 

changes in metabolic rate and DNA content found with rACs from skeletally mature rabbits, where 

proliferation and metabolic rate decreased following Il-1β stimulation, suggesting an inhibition of 

proliferation or apoptosis of the cells.  Furthermore, among the GAG hydrogels, the smallest increase in 

metabolism with fbACs was found with the 3:7 + collagen group, with no significant difference in 

metabolic rate change between the stimulated and unstimulated groups. Although no significant 
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difference in DNA content was found between the stimulated and unstimulated GAG hydrogels, the 

smallest increase in DNA content was found again in the 3:7 + collagen gel group. As such, in this case, the 

3:7 + collagen hydrogel may be better for long term protection of encapsulated cells from external pro-

inflammatory stimuli.  

 To measure the inflammatory response of the encapsulated chondrocytes, we looked at the 

production of Il-6 in response to stimulation with Il-1β59. As expected, no Il-6 was detected in any 

unstimulated groups, giving us a baseline for Il-6 production by the chondrocytes in our gels. In all GAG 

gel groups, when stimulated with Il-1β, there was  increased production of Il-6 compared to the 

unstimulated baseline. However, the Il-1β stimulated collagen gel saw significantly higher Il-6 production, 

with roughly ten times more Il-6 being produced compared to the GAG gels. Taken together with the 

change in metabolic rate and DNA content data, this difference in Il-6 production further suggests that 

the culture in GAG hydrogels can dampen the inflammatory response to Il-1β outside the hydrogel. This 

may be due to the anti-inflammatory activity of the GAG hydrogel, Il-1β being sequestered away from the 

cells, or a combination of these two mechanisms. Further analysis will need to be done to determine the 

interactions between the HA/CS hydrogel and Il-1β. 

 Furthermore, we measured the catabolic activity of the stimulated chondrocytes through changes 

in gene expression of catabolic enzymes MMP-13 and ADAMTS5. In this experiment, two points of 

comparison that were studied with regard to the fbACs cultured in the blended GAG gels to best 

understand the effect of the pro-inflammatory environment: how gene expression changed compared to 

an Il-1β stimulated collagen type I gel and how gene expression changed compared to each group’s 

respective unstimulated control. When compared to the collagen type I gel, all GAG gels saw decreased 

expression of MMP13 but an increased expression of ADAMTS5. However, when compared to their 

respective unstimulated gel, there was no large change in ADAMTS5 expression, suggesting that increased 

ADAMTS5 expression was due to culture in a GAG gel versus a collagen only gel. The lack of a change in 
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ADAMTS5 expression may be explained by the choice of pro-inflammatory cytokine for this model. In OA, 

increases in ADAMTS5 expression have been correlated to increased TNF-α secretion60, whereas Il-1β 

stimulates ADAMTS4 production61. However, the Il-1β stimulated GAG gels also saw an increased 

expression of MMP13, suggesting that although they expressed MMP13 to a lesser degree than the 

stimulated collagen gel, they were still expressing higher than their respective baseline. Similar to the 

previously detailed markers of inflammation, the downregulation of MMP13 compared to the collagen 

only gel but upregulation compared to the unstimulated controls suggest a dampening of inflammation, 

but not complete protection from it.  

 Finally, to look at preservation of chondrogenic ability while under pro-inflammatory conditions, 

we looked at the production of cartilage matrix proteins through changes in gene expression of collagen 

type II, and aggrecan. Similarly, we looked at changes in gene expression in the stimulated GAG gels 

compared to both the stimulated collagen gel and their respective unstimulated gels. After fourteen days 

of culture, we saw increased expression of the genes encoding for the matrix proteins collagen type II and 

aggrecan, as well as collagen type I in most GAG gel groups, with the 3:7 CS/HA without collagen gel not 

seeing large increases in the expression of those genes. Similar to the catabolic genes, while there was an 

increase in the expression of these genes over the collagen type I gel, the expression of collagen type II 

and aggrecan were still downregulated when compared to their expression in their respective 

unstimulated controls. Furthermore, the expression of collagen type I did not see a large change between 

the stimulated gels and their unstimulated controls, again suggesting that collagen type I is not 

upregulated due to Il-1β stimulation. 

Overall, compared to a collagen gel control, our blended GAG hydrogel was able to partially 

protect against inflammation from relatively high and sustained dose of Il-1β in our culture media over 

the course of fourteen days29,37,62,63. Furthermore, this was accomplished without further soluble factors 

such as anti-inflammatory peptides64 or additional cell types such as mesenchymal stromal cells65–67. For 
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these GAG hydrogels, the presence of collagen type I also did not appear to have a large effect on the 

encapsulated cells while also providing the gels tensile strength in the form of decreased swelling and 

retention of compressive strength over time. While we were unable to completely prevent inflammation, 

as seen by the increased Il-6 production and decreased expression of certain cartilage matrix protein 

genes, the GAG gels still performed better than our collagen only control. These findings are consistent 

with previously reported studies involving sulfated hydrogels for suppression of inflammation. Arlov et al 

found that the sulfation of alginate suppressed, but did not completely prevent, Il-1β mediated 

inflammation over the course of two days62. However, their study used a lower concentration of Il-1β and 

cultured for a shorter period of time. In future studies, this inflammation could be further ameliorated 

through loading the GAG gels with positively charged anti-inflammatory factors or performing a coculture 

of chondrocytes and MSCs.  

3.5. Conclusion  

 In this study we demonstrated the ability for blended CS/HA hydrogels to dampen the 

inflammatory response of encapsulated chondrocytes when cultured with a sustained dose of Il-1β over 

the course of fourteen days, simulating the presence of pro-inflammatory cytokines in the osteoarthritic 

environment. Under these pro-inflammatory conditions, GAG gels maintained similar robustness as their 

unstimulated counterparts, and the encapsulated cells showed signs of reduced inflammation induced 

changes in cell proliferation. Furthermore, although they still produced some levels of Il-6, showed some 

upregulation of MMP13, and downregulation of cartilage matrix proteins, the chondrocytes cultured in 

the GAG gels were less susceptible to inflammation compared to our collagen only gel control. Based on 

the results of this study, the observed anti-inflammatory effects may be due to the bioactive signals from 

the GAG polymers themselves, the sequestering if Il-1β away from the cells through GAG/protein 

interactions, or some combination of the two. Altogether, GAG gels possess the potential to allow for 
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cartilage tissue engineering under pro-inflammatory conditions, allowing for the regeneration of cartilage 

in the inflammatory osteoarthritis environment.   
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4. Synthesis and Optimization of Collagen-targeting 

Peptide-Glycans for Inhibition of Platelets Following 

Endothelial Injury 

This chapter consists of a manuscript by Michael Nguyen, John Paderi, Andrew Wooley, Tanaya Walimbe, 

and Alyssa Panitch submitted to Biomacromolecules, currently under review. 

Abstract: Many endothelial complications, whether from surgical or pathological origins, can result in the 

denudation of the endothelial layer and the exposure of collagen. Exposure of collagen results in the 

activation of platelets, leading to thrombotic and inflammatory cascades that ultimately result in vessel 

stenosis. We have previously reported the use of peptide-glycan compounds to target exposed collagen 

following endothelial injury. In this paper we optimize the spacer sequence of our collagen binding 

peptide to increase its conjugation to glycan backbones and increase the peptide-glycan collagen binding 

affinity by increasing C-terminal cationic charge. Furthermore, we demonstrate this molecule’s ability to 

inhibit platelet activation through collagen blocking, as well as its ability to localize to exposed endothelial 

collagen following systemic delivery. Altogether, optimization of peptide sequence and linkage chemistry 

can allow for increased conjugation and function, having implications for their use in other clinical 

applications.  

4.1: Introduction 

Glycans represent a century-old drug class of carbohydrates with wide therapeutic potential. 

Numerous clinical and preclinical studies have demonstrated the efficacy of glycans in a broad range of 
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diseases, including oncology, cardiovascular disease, fibrosis, and autoimmune disorders1,2. One of the 

recognized challenges of glycans is their suboptimal pharmacokinetic profile when administered 

parenterally, thus limiting their use more broadly3. Targeted drug delivery strategies can overcome this 

limitation, however, providing for a novel approach to generate innovative new glycan therapeutics1,4.  

We have identified collagen as a key therapeutic target as collagens are frequently exposed in 

disease states or during injurious surgical or endovascular procedures. Exposure of collagen to blood 

triggers a potent platelet activation response and subsequent thrombotic and inflammatory processes5,6. 

During endovascular procedures or in vascular surgeries, for example, the fragile endothelial layer is often 

denuded, and the platelet-mediated inflammatory response contributes to an adverse hyperplastic 

healing sequalae that causes vessel stenosis. Endothelial dysfunction can lead to collagen exposure in 

numerous disease states such as in cancer, autoimmune disorders such as systemic sclerosis7, infectious 

diseases including COVID-198, and in fibrosis9. Collagen is therefore a prime target, as it is both a target 

for delivery to specific areas of injury or disease, and is also itself a contributing pathomechanism for 

adverse healing and disease progression. 

We have previously designed collagen-binding peptide-modified glycans as therapeutics that 

target endothelial injury and inhibit platelet activation in the lumen of a blood vessel when delivered 

locally10,11. Systemic delivery of these compounds is limited, however, due to the relatively low affinity of 

these compounds. We have therefore aimed to improve the binding affinity of these compounds to enable 

systemic administration with targeted delivery to areas of exposed collagen, as occurs in injury or disease. 

Generally, optimization strategies include peptide binding affinity, linkage chemistry, spacer optimization 

between the glycan and the binding domain of the peptide, and conservation of the glycan’s therapeutic 

activity.  

Glycans are negatively charged linear carbohydrate chains and include sulfated glycans such as 

heparin (Hep), dermatan sulfate (DS), and chondroitin sulfate (CS), or non-sulfated carbohydrates 
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including hyaluronan (HA)12. Given the broad therapeutic activity of glycans and their biocompatibility, 

multiple chemical strategies have been employed for modifying glycans including adding payload13, 

immobilizing to surfaces such as vascular grafts14, generating scaffolds or hydrogels15, or creating micro- 

or nano-particle therapeutic agents16. The negative charge and charge density of glycans is important for 

biological activity and the interaction of glycans with numerous biological binding partners17. The negative 

charge also influences modification and purification strategies of glycans, where charged groups can 

associate18, lead to precipitation19, or mask binding regions.  

In unpublished studies we identified a modified version of the collagen-binding peptide identified 

by Chiang and Kang that also binds to collagen, but does not contain thiol or carboxylate groups 

(GQLYKSILY)20. Others have shown that GAG oxidation can affect GAG activity; specifically, heparin 

oxidation reduces the anticoagulation activity of heparin without affecting its heparinase activity21. We 

have previously reported that there is a balance between GAG modification and preservation of GAG 

activity22.  Thus, we focus our efforts on modification through the carboxylate groups on the GAG using 

peptide-hydrazides, as hydrazides are more reactive under acidic condition than are amines that are 

present at the N-terminus and on lysines residues present within the peptide.  Here we investigated 

whether inclusion of cationic charge within the spacer region and proximal to hydrazide group would 

improve peptide-glycan conjugation and optimize collagen-binding potency for the  targeted delivery to 

areas of vascular injury or disease while also preserving the GAG antiplatelet function. 

 

4.2 Materials and Methods: 

4.2.1: Synthesis of GQLY Peptide Variants  

The purified peptide SSR-hyd (GQLYKSILYGSGSGSRR-hyd) was purchased from Chinese Peptide 

Company. GQLY variants SRR-amide (GQLYKSILYGSGSGSRR-amide) and GSG-hyd (GQLYKSILYGSGSG-hyd) 

were synthesized using solid phase peptide synthesis chemistry, on Rink Amide resin (CEM Corporation) 
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or hydrazide loaded Cl-TCP(Cl) resin (CEM Corporation) to functionalize the peptide C terminus with an 

amide or hydrazide group, respectively. Peptide synthesis was performed using a Liberty Blue peptide 

synthesizer, with post synthesis cleavage of the peptide from the resin being carried out using a cocktail 

of trifluoracetic acid, triisopropylsilane, phenol, and water. Peptides were purified using fast protein liquid 

chromatography (FPLC), with the peptide molecular weight in the collected fractions verified using matrix 

assisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF MS).  Peptides were 

then frozen, lyophilized, and stored at -80 ºC until later use.  

 

4.2.2: Synthesis and Analysis of Glycan-GQLY Variants 

The glycans heparin (Bioiberica), hyaluronic acid (Lifecore Biomedical), chondroitin sulfate 

(Seikigaku Corporation), and dermatan sulfate (Bioiberica) were reacted with GQLY peptide variants using 

aqueous carbodiimide chemistry. Glycans were dissolved in a solution of 0.1 M 2-(N-

morpholino)ethanesulfonic acid (MES), 8M urea, and 0.2 wt% sodium chloride at a concentration of 10 

mg/mL. Solid peptide was dissolved in the solution to theoretically functionalize 16% of the glycan 

disaccharide units present. 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide (EDC) was then added in a 

ratio of 0.5:1 EDC to glycan disaccharide units. The reaction was titrated to pH 4.5 and allowed to proceed 

overnight. Fluorescently labeled compounds were synthesized by reacting a 1:1 molar ratio of fluorophore 

CF-633-hydrazide (Biotium) to glycan followed by peptide conjugation. To purify the solution, the reaction 

was first titrated to pH 8.5 to stop the reaction, then purified using a KrosFlo tangential flow filtration 

system. The reactions were purified against a 10 kDa cutoff membrane at a transmembrane pressure of 

25 psi until a permeate volume of 5X the reaction volume had been reached. Solutions were then frozen 

and lyophilized until further use. Quantification of peptides associated with the glycans was done by 

analyzing the ultraviolet absorbance of the purified molecules at 280 nm and calculating the peptide 

content using standard curves for the respective peptide.  
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4.2.3: Structural Analysis of GQLY Variants by Circular Dichroism 

The structure of the GQLY variants SRR-hyd and GSG-hyd was analyzed using a Jasco J-715 Circular 

Dichroism (CD) spectrometer. Samples were dissolved at a concentration of 1 mg/mL in pH 8.5 sodium 

borate buffer and loaded into a quartz cell. The far-UV spectra of the peptides was measured from 190 to 

250 nm, with the structure of the peptides determined from the spectra using BESTSEL. 

  

4.2.4: Analysis of CS-GQLY Conjugate Association  

To test for the presence of peptides associated with CS through non-covalent interactions, CS 

reacted with GQLY variants were dissolved in ultrapure water, then analyzed for free peptide using MALDI-

TOF MS. To remove any peptide associate with glycans via non-covalent interactions, CS-GQLY variants 

were dissolved in a solution of 1 M sodium chloride and 8 M urea to disrupt electrostatic interactions 

between CS and the GQLY variants. Solutions were agitated for 30 minutes, with any disassociated peptide 

filtered out using Amicon Ultra centrifugal filter units (Millipore) with a 10 kDa molecular weight cut off 

filter. Following treatment with the salt solution, the salt concentration of the retentate was diluted by 

replenishing the volume lost with deionized water, then spin filtering three times. The UV absorbance at 

280 nm was of the solutions was taken before and after the disassociation process to quantify the amount 

of peptide removed from the glycan backbone. Dissociation of electrostatically bound peptide was 

confirmed using MALDI  

 

4.2.5: Binding Capability of CS-GQLY and Hep-GQLY Variants 

 To determine how the C-terminal spacer sequence or glycan backbone affected peptide-glycan 

binding ability, CS-GQLY and Hep-GQLY variants were biotinylated through reacting with EZ-Link 

Hydrazide-Biotin (ThermoFisher Scientific) using the same EDC carbodiimide synthesis and purification 



 

98 
 

process. For collagen binding capability, a Biocoat collagen type I coated plate (Corning) was first blocked 

with 5% bovine serum albumin for one hour, then washed three times with phosphate buffered saline 

(PBS). A logarithmic serial dilution of each CS-GQLY and Hep-GQLY variant in PBS was pipetted onto the 

plate and was incubated at 37 OC for 30 minutes. The plate was again washed three times with PBS. Next, 

a 200X dilution solution of streptavidin-horseradish peroxidase solution (R&D Systems) was added and 

incubated for 20 minutes. Color was developed with a corresponding substrate solution (R&D Systems) 

for 20 minutes, with reaction stopped with 2N sulfuric acid. The amount of bound molecule was 

determined through measuring absorbance at 450 nm, with binding curves constructed using GraphPad 

Prism.  

 

4.2.6 Platelet-collagen inhibition studies 

Flow channel slides (Ibidi μ-Slide VI 0.1) were coated with 100 μg/mL of Chrono-Par fibrillar 

collagen type I for 1 h at room temperature. Channels were flushed three times with 1X PBS pH 7.4 (PBS) 

to remove any unbound collagen. Following an approved IRB protocol (WIRB protocol # 20,162,858), 

human blood was collected into citrated vacutainers and was used within 3 h of collection. Whole blood 

was removed from the vacutainers, pooled and then stained with Calcein-AM at 1 mg/mL in dimethyl 

sulfoxide (DMSO) for 30 min at 37 ºC. Hep-GQLY-SRR was then added to pre-stained human whole blood 

at various concentrations. Next, blood was perfused across each channel at a physiological shear rate of 

1000 s− 1. Adherent cells were imaged using EVOS Fluorescence microscope (ThermoFisher Scientific). 

Platelet adhesion was quantified using NIH ImageJ software.  

 

4.2.7 Targeted delivery to injured vessels in vivo 

A rabbit artery crush model was used to investigate the ability of compounds to selectively bind to 

regions of injury. Female New Zealand rabbits (n=3/group) were anesthetized and the carotid artery was 
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exposed. Blood flow to an artery segment approximately 2 cm was arrested using a non-injurious clamp 

and blood was subsequently evacuated. Several crush injuries were then created by external clamping for 

10 s using a hemostat. Compounds were then administered by ear vein through an IV catheter (1 mL/kg) 

and blood flow was restored for 2 h. Animals were then euthanized and the arteries were harvested, 

dissected longitudinally, pinned open to black foam board and fixed with formaldehyde for 1 h before 

transferring to 1X PBS pH 7.4 and stored at 4° C. The open face of the whole-mount arteries were 

positioned in a glass coverslip bottom dish (Ibidi µ-Dish) containing PBS and imaged on a LSM780 confocal 

microscope (Zeiss).  Tissue autofluorescence and CF-633-labeled compound were imaged using 488 and 

633 lasers, respectively. Maximum-intensity projections of the 3D-tiled confocal data were analyzed 

qualitatively for targeted binding of the fluorescently tagged molecule. 

 

4.2.8 Statistical Analysis 

 Data are represented as the mean value of replicates, with error bars corresponding to their 

standard deviation. For the comparison between two groups, statistical significance was determined using 

a T-Test. For comparisons between three or more groups, a single factor equal variance ANOVA was 

performed. Differences between specific groups was determined using Tukey’s post hoc test. Statistical 

analysis was performed using Graphpad Prism, with a probability value of 95% (P < 0.05) being used to 

determine statistical significance. 
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Figure 4.1: Experiment scheme for GQLY sequence optimization  

4.3 Results and Discussion:  

4.3.1: Effect of SRR Spacer on GQLY Conjugation and Collagen Binding Activity 

 Peptide conjugation and binding experiments were carried out with CS due to the intermediate 

degree of sulfation and molecular weight of CS relative to other glycans studied. Next, the importance of 

the inclusion of cationic charge within the spacer sequence for the GQLY peptide was investigated with 

regard to molecule synthesis and collagen binding ability. Two variants of the GQLY peptide were 

synthesized, one with a C-terminal spacer sequence of GSGSG, GQLYKSILYGSGSG-hydrazide (GSG-hyd), 

and one with C-terminal spacer sequence of GSGSRR, GQLYKSILYGSGSGSRR-hydrazide (SRR-hyd). CD 

analysis of both variants showed minimal difference in their structure, indicating that the addition of the 

SRR spacer did not significantly alter the structure of GQLY (Figure 4.2, Table 4.1). Given the negative 
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charge of the glycan backbone, it was theorized that having the additional positive charge conferred by 

the arginine residues proximal to C terminus would influence the peptide’s association with the sulfated 

glycan backbone. Following the peptide – glycan reaction in which EDC was used to activate the glycan 

carbonyl-groups, there was significantly more peptide association with the SRR-hyd variant compared to 

the GSG-hyd variant (Figure 4.3a). This suggested that the additional positive charge present in the SRR 

spacer increased the ability of the GQLY peptide to interact with the negatively charged CS backbone.  

 

Table 4.1: Secondary structure calculations of GQLY variants SRR-hyd and GSG-hyd 

 Helix Antiparallel Parallel Turn Others 

SRR-hyd 5.5 21.8 0 13.5 59.2 

GSG-hyd 6.2 25.6 0 14.3 53.9 

 

Figure 4.2: CD Spectra of SRR-hyd and GSG-hyd GQLY variant peptides 
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However, the method of peptide detection could not differentiate between covalently bound 

peptide and electrostatically bound peptide. While the peptide-glycans were purified against a 10 kDa 

cutoff membrane, it remained possible that peptides complexed with CS via electrostatic charge and were 

not removed during purification. To determine whether peptide remained bound electrostatically even 

following initial purification, the peptide-glycans were synthesized in the absence of EDC to eliminate 

covalent bonds formation. Again, significantly more of the SRR-hyd variant associated with CS compared 

to the GSG-hyd variant following the initial purification showing that the positive charge conferred by the 

SRR spacer was driving electrostatic interactions (Figure 4.3a). To probe the difference in covalent and 

electrostatic association, peptide-glycan that had been reacted with EDC was washed with a concentrated 

salt and urea solution to disrupt the electrostatic interactions, with the liberated peptide removed 

through centrifugation against a 10 kDa cutoff membrane. By measuring the associated peptide before 

and after this second purification, the amount of covalently bound peptide could be determined. 

Following salt washes, the SRR-hyd reacted peptide-glycan saw a 32% decrease in associated peptides, 

whereas the GSG-hyd reacted peptide-glycan only saw a 18% decrease in associated peptides (Figure 4.3b, 

Table 4.2). Furthermore, after electrostatically bound peptides were removed, the SRR-hyd group still 

exhibited increased association with CS compared the GSG-hyd group, suggesting that the SRR spacer 

sequence also had a positive effect on covalent conjugation and did not only enhance electrostatic 

association. The lack of electrostatic interaction following the second high salt purification was confirmed 

using MALDI-TOF-MS (Figure 4.4,4.5) where following the initial purification, free peptide peaks were seen 

in the MALDI-TOF-MS; however, following the second purification, no free peptide was observed in the 

MALDI-TOF-MS spectrum. 
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Table 4.2: Average Change (n=3) in SRR-hyd and GSG-hyd association before and after salt and urea 

wash 

 Pre-Salt 
Peptide/Disaccharide 
Percent 

Post-Salt 
Peptide/Disaccharide 
Percent 

Percent Decrease 

CS + SRR-hyd 16.2% ± 0.09% 11.1% ± 0.51% 32% 

CS + GSG-hyd 6.7% ± 0.11% 5.7% ± 0.18% 15% 

 

The importance of the SRR spacer on the degree of peptide-glycan binding to collagen was also 

analyzed. When applied to a collagen type I coated plate, the EC50 of the SRR-hyd conjugated peptide-

glycan was an order of magnitude lower than the GSG-hyd conjugated peptide-glycan (Figure 4.3c). There 

are several possible reasons for this difference in binding capacity. First, the SRR spacer sequence may be 

responsible for supporting covalent conjugation through the hydrazide thereby orienting the peptide 

more favorably for collagen binding. Alternatively, the GSG-hyd conjugate peptide-glycan had significantly 

fewer peptides covalently attached to the glycan backbone, and this difference in peptides per glycan 

could be responsible for differences in binding. Finally, the addition of this longer peptide spacer and the 

increased distance between the collagen-binding sequence and the glycan backbone may have also 

allowed for better interaction with collagen. Regardless, the SRR spacer supports higher peptide-glycan 

conjugation efficiency and increased collagen binding capability of the peptide-glycan molecules.  
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Figure 4.3: Effect of SRR spacer on peptide-glycan association and collagen binding. A) Associated SRR-hyd 

or GSG-hyd with CS with and without EDC. B) Associated peptide before and after 1M NaCl and 8M Urea 

wash and filtration. C) EC50 of CS-GQLY on collagen type I surface with either SRR-hyd or GSG-hyd. * 

denotes statistical significance between groups.   

Figure 4.4. MALDI-TOF MS spectra of CS + SRR-hyd, CS + SRR-SRR-amide, and CS+GSG-hyd before salt 

and urea wash 

  



 

105 
 

Figure 4.5. MALDI-TOF MS spectra of CS + SRR-hyd, CS + SRR-SRR-amide, and CS+GSG-hyd after salt and 

urea wash 

 

4.3.2: Effect of C-terminal hydrazide on GQLY Conjugation and Collagen Binding Activity 

 The GQLY peptide has internal lysine residues (ε-amine) and an N-terminal amine that could 

contribute to covalent bonds between the peptide and glycan even though reaction conditions were 

optimized for hydrazide conjugation to the EDC activated glycan carboxylic acid residues as opposed to 

amine conjugation to the activated carbonyl. Thus, we tried to understand whether conjugation through 

the C-terminal hydrazide improved collagen binding. To explore the importance of the C-terminal reaction 

for collagen binding, a GQLY variant with the SRR spacer but with a non-reactive C-terminal amide, 

GQLYKSILYGSGSGSRR-amide (SRR-amide) was compared to the SRR-hyd peptide.  
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 Following reaction with EDC, there was more SRR-hyd associated with CS compared to the SRR-

amide variant (Figure 4.6a) suggesting that the SRR-hyd increase covalent conjugation, presumably 

through the more favorable hydrazide-COOH conjugation. In the absence of EDC, the amount of SRR-hyd 

and SRR-amide that associated with CS was equivalent (Figure 4.6a); which provides further evidence that 

the SRR spacer sequence promotes association with the glycan through electrostatic interactions. To 

determine if the difference in association following reaction in the presence of EDC was due to increased 

covalent conjugation, both peptide-glycan variants were washed with the concentrated salt and urea 

solution to remove the unbound peptides (Figure 4.4,4.5). Following this purification, both peptide-glycan 

variants exhibited similar decreases in associated peptides, with the SRR-hyd seeing change of 5.2% and 

the SRR-amide peptide-glycan seeing a change of 5.7% in the associated peptide to glycan disaccharide 

ratio suggesting similar levels of peptide-glycan associate driven by electrostatic interactions (Figure 4.6b, 

Table 4.3). Furthermore, the level of associated peptide was significantly higher for the SRR-hyd variant 

than for than the SRR-amide variant following salt dissociation (Figure 4.6b), indicating that adding the C-

terminal hydrazide allows for increased covalent conjugation over that supported by the N-terminal amine 

and lysine. 

 

Table 4.3: Average Change (n=3) in SRR-hyd and SRR-amide association before and after salt and urea 

wash 

 Pre-Salt 
Peptide/Disaccharide 
Percent 

Post-Salt 
Peptide/Disaccharide 
Percent 

Percent Decrease 

CS + SRR-hyd 16.2% ± 0.09% 11.1% ± 0.51% 32% 

CS + SRR-amide 13.1% ± 0.19% 7.3% ± 0.18% 44% 
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Finally, to gain some insight as to whether N-terminal peptide conjugation vs. conjugation through 

the ϵ-amine of the lysine residues confers improved collagen binding, the collagen binding activity of the 

SRR-hyd and SRR-amide conjugated glycans was determined. In this case, the EC50 of the SRR-hyd 

peptide-glycan was again a magnitude lower than that of the SRR-amide peptide-glycan (Figure 4.3c). 

Although there were still fewer peptides covalently bound to the glycan in the case of the SRR-amide 

variant, the magnitude of the difference between the two was less than the between the SRR-hyd and 

GSG-hyd variants. As such, while this difference in binding capacity may be explained by a difference in 

conjugated peptides, it also plausible, and indeed likely, that the conjugation through the hydrazide over 

the amines present in the collagen binding sequence of GQLY provides an improved presentation of the 

peptide to the collagen substrate. Taking the findings from the SRR-amide variant and the GSG-hyd variant 

together, it appears that having both the SRR spacer sequence and the C-terminal hydrazide are important 

to the collagen binding capacity of GQLY when conjugated to a glycan backbone.  

Figure 4.6: Effect of C-terminal modification of GQLY on peptide-glycan association and collagen binding. 

A) Associated SRR-hyd or SRR-amide with CS with and without EDC. B) Associated peptide before and after 

1M NaCl and 8M Urea wash and filtration. EC50 of CS-GQLY on collagen type I surface with either SRR-hyd 

or SRR-amide. * denotes statistical significance between groups. n.s. denotes no statistical significance 

between groups 
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4.3.3: Effect of Glycan choice on GQLY Conjugation and Collagen Binding Activity  

 With the new understanding regarding how the SRR spacer and the C-terminal hydrazide affected 

conjugation to CS, we then sought to determine how the choice of glycan backbone affected the GQLY 

conjugation. For this, we looked at SRR-hyd conjugation to four glycans: heparin, CS, DS, and HA. Using 

these four glycans allowed us to investigate SRR-hyd conjugation at three different glycan sulfation levels, 

with heparin being the most sulfated, HA being unsulfated, and CS and DS having similar, intermediate 

levels of sulfation. Following salt washing, the conjugation of GQLY to the glycan backbones correlated 

with this sulfation trend: heparin supported the greatest GQLY conjugation, HA supported the least, and 

CS and DS supported the same intermediate level of GQLY conjugation (Figure 4.7a). Similar to how the 

change in positive charge of the peptide affected how it interacted with the glycan backbone, the 

sulfation, and by extension the negative charge of the glycan, affected the level of glycan-peptide 

association.  

 Next, the effect of the glycan backbone on the collagen-binding ability of the peptide-glycans was 

investigated using both heparin and CS. For this study, HA was not tested due to the significantly lower 

number of peptides attached. Since the SRR-hyd variant showed significant association with glycan 

backbone through electrostatic interactions, the peptide-glycans were also washed with the salt and urea 

solution to look at the collagen binding capacity with and without the electrostatically bound peptides. 

First, it was found that the collagen binding of the heparin and CS peptide-glycans was equivalent, with 

the EC50 of both being statistically similar to one another (Figure 4.7b). Furthermore, there was no 

difference in EC50 before and after the salt and urea washes (Figure 4.7b). This suggests that only 

covalently bound peptides contributed to the collagen binding of the peptide-glycan. Further, because 

electrostatically interacting peptide and peptide conjugated through -amine likely lie along the glycan 

backbone rather than extending from the glycan backbone, while the peptide conjugated through the C-
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terminal hydrazide is more likely to extend from the backbone, this collagen-binding data suggests that 

peptide conjugated through the hydrazide shows a greater contribution to collagen binding than does 

peptide associated electrostatically or conjugated through the internal lysine residues of the peptide. 

Figure 4.7: Effect of glycan backbone on peptide-glycan association and collagen binding. A) SRR-hyd 

conjugation with heparin, HA, CS, and DS. B) EC50 of CS-GQLY and Hep-GQLY on collagen type I. Groups 

that do not share a letter are statistically significant from one other. n.s. denotes no statistical significance 

between groups.  

 Recent decades of research have seen an increase in the use of conjugated peptides for 

biomedical uses23–27. Compared to proteins, peptides are significantly simpler and cheaper to produce 

while still providing their intended biological function28. However, as therapeutic peptides have yet to be 

produced on a mass scale, many peptides used still require custom synthesis, adding to their cost and the 

complexity of the synthesis of the final product29. As such, maximizing the reaction efficiency between the 

peptide and the substrate can improve the clinical translatability of peptide conjugated molecules and 

materials through reducing the required peptide to achieve desired conjugation targets. From this work, 

we have demonstrated that relatively simple changes to the non-functional portions of the peptide, the 

peptide spacer sequence, can have significant effects on the conjugation efficiency of a positively charged 
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peptide to a negatively charged macromolecule, a glycan backbone. Conversely, the charge properties of 

the glycan backbone also had an effect on the peptide/glycan conjugation efficiency, demonstrating 

multiple methods to modulate the peptide conjugation efficiency. As such, modulating the charge 

between the peptide and the conjunction substrate can be a method to increase the efficiency of 

conjugation.  

4.3.4 Platelet-collagen inhibition 

The ability of compounds to inhibit collagen-mediated platelet binding was evaluated with hep-

GQLY-SRR because heparin and CS both showed maximal conjugation and collagen binding, while heparin 

is known to suppress platelet binding14,30. Strong inhibition of platelet adhesion to immobilized fibrillar 

collagen was observed with hep-GQLY-SRR in a dose-dependent manner with an IC50 of about 59 μg/mL 

(or approximately 3 uM). Maximal platelet inhibition was observed at about 0.5 mg/mL, at which more 

than 90% inhibition was achieved relative to untreated control channels (Figure 4.8). While this does 

translate to a higher concentration of heparin compared to the effective hourly dosages for preventing 

platelet adherence in preclinical studies, this molecule would only need to be delivered as a single 

treatment due to it localizing to the site of injury31. As such, no continuous infusion of heparin would be 

required, reducing the total heparin delivered to the body and alleviating the concern of systemic anti-

platelet activity.  
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Figure 4.8: IC50 of hep-GQLY platelet inhibition on collagen coated surface 

4.3.5 In vivo targeted delivery 

Targeted delivery to areas of vessel injury was evaluated in a rabbit artery crush model with 

intravenous injection of fluorescently labeled Hep-GQLY-SRR at varying concentrations to investigate the 

molecule’s ability to localize to the site of injury without significant off target binding. The appearance of 

fluorescence in regions of arterial clamp injuries was observed weakly at 0.16 mg/kg and with a strong 

signal at 1.6 mg/kg. No signal was observed in the vehicle control group or at 0.016 mg/kg dose level. 

Representative images from the various Hep-GQLY-SRR concentrations are shown in Figure 4.9.  

Importantly, no fluorescence signal was observed in areas of the vessel was that were not subject to clamp 

injury, indicating that targeted delivery only to areas of injury was achieved. Based on unpublished data, 

a similar collagen targeting peptide-glycan with a DS backbone maintained collagen-binding activity over 

the course of two weeks, though there was a decrease in binding activity due to hydrolytic degradation 

of the glycan backbone. As such, further investigation regarding the hydrolytic, as well as enzymatic, 

degradation of the peptide-glycan in vivo is required.  

While the artery crush model used for this study best reflects the exposure of endothelial collagen 

following mechanical injury, such as in the case of balloon angioplasty procedures, the undesired exposure 

of collagen can occur in a variety of pathologies. As such, collagen-targeting biomolecules have a myriad 

of potential diagnostic and therapeutic uses given collagen’s ubiquity throughout the body32. Several 

collagen binding peptides have been developed from native sources including the platelet collagen 

binding receptor33 and the leucine rich repeat units of decorin34,35. In this study, we employed a modified 

version of a previously used platelet derived collagen binding sequence, RRANAALKAGELYKSILYGC, with 

the benefit of our GQLY sequence being its shorter sequence, resulting in a simpler and quicker 

synthesis33. Furthermore, by using a C-terminal hydrazide we no longer relied on oxidation of the glycan 

rings33 or a heterobifunctional crosslinker11 to conjugate the peptide to the glycan backbone, maintaining 
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the glycan structure and simplifying the chemistry. Although it is possible for conjugation to occur through 

other amines present on the peptide, we have demonstrated that the presence of the C-terminal 

hydrazide potentially drives conjugation through the hydrazide as opposed to the primary amines, 

improving the collagen binding ability of the molecule.  

Additionally, through the addition of additional cationic charge to the spacer sequence of our 

collagen binding peptide, we were able to increase the binding capability of our peptide-glycan conjugate 

molecules. With minimal modification to the binding sequence, changes to the peptide spacer sequence 

resulted in a significant increase in collagen binding activity. This increased binding capability can allow 

for increased residence time within the body, prolonging the therapeutic life of the molecule. 

Alternatively, increased binding capability of the peptide can allow for a reduced number of peptides 

required for effective binding, resulting in reduced modification of the glycan backbone for increased 

glycan bioactivity22 or increases in the number of additional therapeutic peptides36. Altogether, 

modulation of the peptide spacer sequence can allow for simplification of the conjugation chemistry, 

increased conjugation yields, and improved biological activity without the need for modification of the 

core peptide sequence.  

 
Control 1.6 mg/kg0.016 mg/kg 0.16 mg/kg
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Figure 4.9: Representative images (n=3) of fluorescently labeled Hep-GQLY-SRR localization to site of artery 

crush. Maximum intensity projection with tissue autofluorescence shown in green, and fluorescently 

conjugated molecule shown in red localizing to areas of crush injury. 

4.4: Conclusions:   

Data obtained through this study demonstrated that the peptide spacer is important to efficient 

peptide conjugation to glycan.  The use of cationic charge proximal to the hydrazide group can improve 

peptide glycan interaction, which increases conjugation through the hydrazide functional group.  Further, 

C-terminal conjugation appears to be critical in increasing the interaction of the peptide-glycan conjugate 

with collagen. This work suggests that including cationic charge in the intended bioconjugate can be used 

to increase the conjugation efficiency of peptides and other chemicals to glycans. 
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5. Conclusions and future work 

5.1 Conclusions 

 GAGs play an important role in nearly every tissue throughout the body1. Given their bioactivity2–

5, easily accessible reactive moieties, and relatively widespread commercial availability6–9, many have 

sought to use them for a variety of therapeutic purposes. The aim of this thesis was to engineer GAGs to 

leverage their bioactive properties through chemical modification, balancing functionalization of the GAG 

backbone with leaving the polymer intact for biorecognition. As such, chapter two first looked at how 

modification affected recognition, with the subsequent chapter building off of this to utilize engineered 

GAGs for two clinical needs.   

 In chapter two, the interplay between chemical modification and the biorecognition of GAGs was 

investigated. GAGs have been widely used in the field of tissue engineering as components of cell 

scaffolds10 or as parts of proteoglycan mimetic molecules1. Because of their repeating linear structure and 

many reactive moieties, GAGs possess some of the benefits of synthetic polymers, in that they’re easy to 

chemically modify, while also possessing the potent bioactive signals like other biopolymers including 

collagen and fibrin. However, it was found that increased chemical modification of these polymers can 

reduce their biorecognition. This was demonstrated though decreased susceptibility to enzymatic 

degradation by hyaluronidase and decreased binding with CS and HA targeting peptides, two analogues 

for how proteins can interact with GAGs in the body, when the chemical modification of the GAGs was 

increased. For the purposes of forming hydrogels for tissue engineering scaffolds, a balance between 

functionalization and maintaining biorecognition is required, as too few crosslinks in a material yields a 

material too weak to support growth. This balance was found for a 1.5 GAG wt% hydrogel, with 17% 

modification, which formed a robust hydrogel while leaving the majority of the GAG unmodified to retain 
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native biological activity. Other aspects of GAG hydrogels were investigated, including the molecular 

weight of the HA incorporated and how the blending of CS and HA affected the hydrogel properties. 

Although HA molecular weight did not appear to have a large effect on stiffness or degradation, the 

blending of CS and HA changed these properties. Surprisingly, although CS was found to be less susceptible 

to degradation by hyaluronidase, the blending of CS and HA resulted in a hydrogel that less susceptible to 

degradation than were both the CS and HA homopolymer hydrogels, most likely due to the interplay of 

increased swelling pressure conferred by the higher anionic charge of CS homopolymer and the decreased 

CS susceptibility to hyaluronidase. Finally, hydrogels that contained CS resulted in increased MSC viability 

over the course of one week compared to the HA homopolymer hydrogel, though the amount of CS had 

no effect on cell viability. In all, this chapter demonstrates the need to balance chemical modification of 

GAGs with maintaining bioactivity, as well as how blending of CS and HA can modulate hydrogel 

properties.  

 In chapter three, the blended CS/HA hydrogel was used to suppress the inflammatory response 

of encapsulated chondrocytes from pro-inflammatory cytokines. This was investigated as a method to 

engineer cartilage in a pro-inflammatory environment, as the progression of cartilage degradation that 

occurs during osteoarthritis is caused by secreted pro-inflammatory cytokines from the cartilage and 

synovial cells11,12. fbACs were encapsulated in CS/HA DPN hydrogels as well as IPN hydrogels made from 

a blend of crosslinked CS and HA and uncrosslinked collagen type I to modulate hydrogel mechanical 

properties and possibly provide additional binding sites for encapsulated cells. Despite differences in 

polymer composition, the initial mechanical properties of the hydrogels were the same, though the long-

term material properties differed. Following fourteen days of pro-inflammatory culture, hydrogels with 

cells encapsulated within them saw no significant differences in material compressive strength or mass, 

signifying there was no significant enzymatic degradation due to Il-1β mediated hyaluronidase activity. 

Small increases in metabolic activity, DNA content, and Il-6 production were observed, though this was to 
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a lesser degree when compared to a collagen only hydrogel control. Similarly, genes for MMP13 were 

upregulated and genes for collagen type II and aggrecan were downregulated when compared to 

unstimulated controls. However, the chondrocytes in GAG hydrogels expressed MMP13 to a lesser degree 

and anabolic genes to a greater degree when compared to a collagen only hydrogel. These data suggest 

that culturing in GAG hydrogels can suppress inflammation in encapsulated chondrocytes when compared 

to a collagen hydroge118oweverver, inflammation was not completely prevented, leaving room for 

additional work to completely protect the encapsulated cells.   

 In chapter four, the spacer sequence of the collagen-binding peptide GQLY was optimized for 

improved binding ability when conjugated to a GAG backbone. In all variants of the GQLY peptide, the 

original binding sequence was unchanged, with only the spacer sequence and the C-terminal modification 

seeing change. The addition of two C-terminal arginines significantly increased the association of GQLY to 

a CS backbone. Following disassociation of the electrostatically bound peptides, the SRR-hyd variant still 

had increased conjugation efficiency over the GSG-hyd variant, demonstrating that the additional C-

terminal positive charge improved covalent conjugation, not just electrostatic association. Furthermore, 

the CS-SRR-hyd molecule showed improved collagen binding over the CS-GSG-hyd variant, demonstrating 

the importance of the C-terminal spacer in collagen binding function. Focusing on the C-terminal 

modification, there was increased conjugation with the the SRR-hyd variant compared to the SRR-amide 

variant, though the SRR-amide variant still had a significant amount of chemical conjugation to the CS 

backbone. This suggests, despite the acidic reaction environment, that the peptide can conjugate to the 

backbone through the primary amines present on the peptide, including the N-terminal amine and the 

lysine -amine. However, the CS-SRR-hyd molecule still had improved collagen binding ability over the CS-

SRR-amide molecule, demonstrating the importance of the C-terminal conjugation point for peptide 

function. The GAG backbone also had a significant effect on the conjugation efficiency, with the most 

sulfated GAG, heparin, having improved conjugation compared to CS and DS, which had higher 
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conjugation efficiency over the unsulfated GAG HA. However, between CS and heparin, there were no 

differences in collagen binding. For the purposes of blocking collagen mediated platelet activation, Hep-

SRR-hyd blocked platelet activation from a collagen coated surface at an IC50 of 59 μg/mL and reached 

maximum inhibition at 0.5 mg/mL. Following in vivo delivery to a crushed rabbit artery, Hep-SRR-hyd 

showed localization to the exposed collagen surfaces. From this study, it was demonstrated that the 

reaction efficiency and function of peptides conjugated to GAGs can be modulated through the non-

functional portions of the sequence, reducing the need for excess peptide during the reaction and 

improving the efficacy of peptide-glycan therapeutic molecules.  

5.2 Future Work 

 From chapters three and four, two paths can be taken with regard to future work. For the anti-

inflammatory activity of the GAG/collagen IPN hydrogels, full prevention of inflammation was not 

obtained. To further reduce inflammation and protect the chondrogenic phenotype, additional anti-

inflammatory factors can be introduced into the hydrogel. For example, a previously used cell penetrating 

MK2 inhibitor peptide can be incorporated into the negatively charged GAG hydrogel13. Because of the 

high positive charge of the peptide, the residence time of the peptide would likely be increased. 

Furthermore, one significant weakness of using chondrocytes for tissue engineering applications is their 

source, as they have to be used autologously to prevent a host rejection response. Harvesting autologous 

chondrocytes can result in donor site morbidity14 and the culture of chondrocytes on two-dimensional 

tissue culture plastic will result in dedifferentiation15. As such, replacing the chondrocytes in these GAG 

hydrogels with a co-culture of MSCs and autologous chondrocytes can reduce the number of 

chondrocytes needed while also providing anti-inflammatory cues from the secretome of the MSCs, 

improving tissue engineering outcomes. 
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 From chapter four, future work would look at applying these spacer modifications to other 

peptides to see if this can also improve their conjugation efficiency. One potential target for this would 

be the LXW7 peptide, a cyclic RGD proangiogenic peptide that has been conjugated onto a DS backbone16. 

However, some significant issues with this peptide are its low conjugation efficiency and low synthesis 

yields. This may stem from its negative charge from the aspartic acid residues or its cyclic structure. The 

addition of C-terminal arginines and the associated increase in the C-terminal charge may be able to 

overcome the forces that prevent its conjugation to a GAG backbone, improving the clinical translatability 

of LXW7-glycan molecules. 

 GAGs lie in an overlap between synthetic polymers and other bioactive polymers, where they 

possess some of the tunability of synthetic polymers like poly(ethylene glycol) while having bioactive 

properties like ECM derived proteins such as collagen and elastin. While already well used for a variety of 

biomedical applications, GAGs based therapeutics still possess the potential for further development in 

many applications. As fabrication strategies such as 3D printing and microfluidics mature, because of their 

ease of tunability, GAG based materials stand to balance the tunability requirements that these 

fabrications require with potent bioactive signals. This can allow for previse control over material shape 

and mechanical properties, properties important to the direction of cell fate, while also providing the 

biological signals from GAGs. Additionally, the field of glycan therapeutics still has much room to develop, 

with GAGs and other glycan based therapeutics only recently seeing an increase in interest. Tuning the 

presentation of these molecules through chemical modification can provide improved efficacy of these 

molecules, though this modification must be balanced with preservation of the molecules bioactivity. 

Altogether, whether in the form of a material or as a soluble therapeutic, much work has been done with  

GAGs to apply them to biomedical applications, with many potential applications for these polymers still 

remaining. 

5.3 References 



 

121 
 

(1) Nguyen, M.; Panitch, A. Proteoglycans and Proteoglycan Mimetics for Tissue Engineering. 
American Journal of Physiology-Cell Physiology 2022. https://doi.org/10.1152/ajpcell.00442.2021. 

(2) Altman, R.; Bedi, A.; Manjoo, A.; Niazi, F.; Shaw, P.; Mease, P. Anti-Inflammatory Effects of Intra-
Articular Hyaluronic Acid: A Systematic Review. CARTILAGE 2019, 10 (1), 43–52. 
https://doi.org/10.1177/1947603517749919. 

(3) Iovu, M.; Dumais, G.; du Souich, P. Anti-Inflammatory Activity of Chondroitin Sulfate. Osteoarthritis 
and Cartilage 2008, 16, S14–S18. https://doi.org/10.1016/j.joca.2008.06.008. 

(4) Aisenbrey, E. A.; Bryant, S. J. The Role of Chondroitin Sulfate in Regulating Hypertrophy during MSC 
Chondrogenesis in a Cartilage Mimetic Hydrogel under Dynamic Loading. Biomaterials 2019, 190–
191, 51–62. https://doi.org/10.1016/j.biomaterials.2018.10.028. 

(5) Amann, E.; Wolff, P.; Breel, E.; van Griensven, M.; Balmayor, E. R. Hyaluronic Acid Facilitates 
Chondrogenesis and Matrix Deposition of Human Adipose Derived Mesenchymal Stem Cells and 
Human Chondrocytes Co-Cultures. Acta Biomater. 2017, 52, 130–144. 
https://doi.org/10.1016/j.actbio.2017.01.064. 

(6) Van der Meer, J.-Y.; Kellenbach, E.; Van den Bos, L. J. From Farm to Pharma: An Overview of 
Industrial Heparin Manufacturing Methods. Molecules 2017, 22 (6), 1025. 
https://doi.org/10.3390/molecules22061025. 

(7) Garnjanagoonchorn, W.; Wongekalak, L.; Engkagul, A. Determination of Chondroitin Sulfate from 
Different Sources of Cartilage. Chemical Engineering and Processing: Process Intensification 2007, 
46 (5), 465–471. https://doi.org/10.1016/j.cep.2006.05.019. 

(8) Schiraldi, C.; Cimini, D.; De Rosa, M. Production of Chondroitin Sulfate and Chondroitin. Appl 
Microbiol Biotechnol 2010, 87 (4), 1209–1220. https://doi.org/10.1007/s00253-010-2677-1. 

(9) Woo, J. E.; Seong, H. J.; Lee, S. Y.; Jang, Y.-S. Metabolic Engineering of Escherichia Coli for the 
Production of Hyaluronic Acid From Glucose and Galactose. Frontiers in Bioengineering and 
Biotechnology 2019, 7. 

(10) Sodhi, H.; Panitch, A. Glycosaminoglycans in Tissue Engineering: A Review. Biomolecules 2021, 11 
(1), 29. https://doi.org/10.3390/biom11010029. 

(11) Goldring, M. B.; Otero, M. Inflammation in Osteoarthritis. Current Opinion in Rheumatology 2011, 
23 (5), 471–478. https://doi.org/10.1097/BOR.0b013e328349c2b1. 

(12) Lieberthal, J.; Sambamurthy, N.; Scanzello, C. R. Inflammation in Joint Injury and Post-Traumatic 
Osteoarthritis. Osteoarthritis Cartilage 2015, 23 (11), 1825–1834. 
https://doi.org/10.1016/j.joca.2015.08.015. 

(13) Deloney, M.; Smart, K.; Christiansen, B. A.; Panitch, A. Thermoresponsive, Hollow, Degradable 
Core-Shell Nanoparticles for Intra-Articular Delivery of Anti-Inflammatory Peptide. Journal of 
Controlled Release 2020, 323, 47–58. https://doi.org/10.1016/j.jconrel.2020.04.007. 

(14) Andrade, R.; Vasta, S.; Pereira, R.; Pereira, H.; Papalia, R.; Karahan, M.; Oliveira, J. M.; Reis, R. L.; 
Espregueira-Mendes, J. Knee Donor-Site Morbidity after Mosaicplasty – a Systematic Review. J EXP 
ORTOP 2016, 3 (1), 31. https://doi.org/10.1186/s40634-016-0066-0. 

(15) Duan, L.; Ma, B.; Liang, Y.; Chen, J.; Zhu, W.; Li, M.; Wang, D. Cytokine Networking of Chondrocyte 
Dedifferentiation in Vitro and Its Implications for Cell-Based Cartilage Therapy. Am J Transl Res 
2015, 7 (2), 194–208. 

(16) Walimbe, T.; Dehghani, T.; Casella, A.; Lin, J.; Wang, A.; Panitch, A. Proangiogenic Collagen-Binding 
Glycan Therapeutic Promotes Endothelial Cell Angiogenesis. ACS Biomater. Sci. Eng. 2021, 7 (7), 
3281–3292. https://doi.org/10.1021/acsbiomaterials.1c00336. 

 




