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Abstract

Damage resistant hydrogel coatings for bioactive small diameter vascular grafts

Megan Wancura, Ph.D.
The University of Texas at Austin, 2022

Supervisor:  Elizabeth Cosgriff-Hernandez
Co-Supervisor: Jason Shear

Many cardiovascular biomaterials fail long term or require lifelong anticoagulation therapy due to thrombosis. Our lab has previously established poly(ethylene glycol)-based hydrogel coatings that promote post-implantation endothelialization for initial and sustained thromboresistance. In the past, these coatings suffered damage during implantation-associated handling including suturing and forceps torqueing. In this work, we demonstrate the development of damage resistant hydrogel coatings that conform to substrate geometries and maintain previously established biological criteria. First, we establish a redox-based diffusion-mediated crosslinking methodology that enables the formation of conformable hydrogel coatings on diverse substrates with tunable thickness. This methodology allows for the formation of multiple hydrogel layers and incorporation of bioactive proteins. Further, we report controls over this crosslinking method relative to conventional photoinitiated crosslinking method, demonstrating fundamental tools for crosslinking chemistries. Additionally, we describe the development of tough PEG-based hydrogels that resist suture and forceps handling damage. Multiple routes of design are explored in the development of a final approach implementing interpenetrating networks of high molecular weight PEG-based polymers and bidentate hydrogen bonding interactions. We apply this hydrogel composition in conformable hydrogel coatings and demonstrate their tunability and damage resistance. Ultimately, the biocompatibility of these materials is characterized. The PEG-based hydrogel coatings designed in this work show non-fouling properties and thromboresistance. Further, bioactive proteins can be incorporated into these networks. Bioactive coatings are able to support endothelial cell adhesion and spreading. Durability of these composites under pulsatile flow is characterized. Overall, this work will improve hydrogel coatings for cardiovascular applications for long term resistance to thrombosis. Additionally, this work provides new avenues to fabricate tunable hydrogel coatings and establishes fundamental material properties of damage resistance in PEG-based hydrogels. 
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Chapter I: Tough Hydrogel Coatings for Cardiovascular Applications
[bookmark: _Toc108641455]1.1 Introduction
[bookmark: _Hlk104826534]As we enter a time where medicine is being rapidly transformed by biomedical innovations, biomaterials have an essential role to play. Within biomaterials, hydrogels have been utilized in many applications ranging from drug delivery platforms to tissue engineering scaffolds in fields ranging from ophthalmology to cardiology.1, 2 Hydrogels have gained attention for their physiological similarity to soft tissue, high water contents, and ability to mimic chemical, mechanical, and electrical functions of biological tissues.1 Hydrogels have shown promise both as standalone materials and in composites. However, wide adoption of hydrogels in biomedical applications has been limited in part by two primary material challenges: (a) the brittle nature of conventional hydrogels and (b) weak bonding between the hydrogel and other materials. The current moment is witnessing an explosion in the development of hydrogel materials, in the rapid increase both in mechanical properties of these gels and in durable coating applications. Despite this, limited studies have been published in applying robust hydrogel coatings in biomedical applications. The global hydrogel market is estimated to reach $28 billion by 2025, growing at an annual rate of 6%.3 The pace of this development is sure to continue as more researchers become aware of the breadth of literature in this field. 
The last ten years have seen rapid growth in studies improving the mechanical properties of bulk hydrogels, both in terms of the number of papers published and citations to this work. The field began back 2003 when Dr. Jian Ping Gong published her seminal work on the double network hydrogel (Figure 1.1).4 Between 2003-2012, the field grew modestly. By 2013, over 100 papers were being published a year on tough, stiff, and highly extensible hydrogels with improved mechanical properties. Publications on these materials range in fields from polymer science to physical chemistry, biomedical engineering, nanoscience, and applied physics (Figure 1.1). Every year, influential work is published delving deeper into the basic design principles of hydrogels with improved mechanical properties.
 
[bookmark: _Toc108643571]Figure 1.1: Tough hydrogel literature publications and citations from 1992-2022 with keywords “hydrogel(s)” and “tough” or “double network” or “strong” or “stiff” or “stretchable” or “fatigue-resistant” or “flaw-insensitive” or “interpenetrating” or “toughness” or “self-healing”. Citation Report graphic is derived from Clarivate Web of Science, Copyright Clarivate 2022. All rights reserved.
The second limitation to this field is the difficulty of using hydrogels in cooperation with other materials due to weak bonding interactions. Biomedical engineers have explored hydrogel composite materials despite these weak interactions due to the potential benefits of the materials.5 For certain applications such as wound dressings, having robust hydrogel-substrate interactions is not essential for device utility.6, 7 However, many applications such as those within cardiovascular engineering are precluded by the risk of material cohesive failure.8 Only recently have solutions begun to appear to solve this translational challenge, bringing new potential to biomedical applications.

[bookmark: _Toc108643572]Figure 1.2: Tough hydrogel coating literature and citations from 2005-2022 with keywords “hydrogel(s)” and “coating(s)” or “composite(s)” or “bonding” or “adhesion” or “interface(s)” or “sheath”  and “tough” or “double network” or “strong” or “stiff” or “stretchable” or “fatigue-resistant” or “flaw-insensitive” or “interpenetrating” or “toughness” or “self-healing”. Citation Report graphic is derived from Clarivate Web of Science, Copyright Clarivate 2022. All rights reserved.
Finally, few studies have been published to date that apply damage resistant hydrogel coatings in biomedical applications. In 2020, Parada and coworkers demonstrated robust hydrogel coatings of medical-grade tubing that reduced bacterial adhesion and formation of blood clots.9 In 2021, Zhang and coworkers developed antimicrobial robust hydrogel coatings for medical-grade tubing and showed antimicrobial and antifouling properties.10 This recent work highlights the beginnings of translation of these materials and will open the door to more studies. Damage resistant hydrogel coatings with robust laminate strength have the potential to facilitate new generations of many medical devices from urinary catheters to heart valves. 
Innovation is needed in particular for cardiovascular biomaterials. Cardiovascular disease is the leading cause of death worldwide.11 Despite great efforts into developing effective prosthetic heart valves, neither clinically available option (mechanical and biological valves) is ideal.12 For small diameter vascular grafts, there are no existing synthetic options for standard care clinical treatment.11 This dissertation will focus on the development of damage resistant hydrogel coatings for a small diameter vascular graft application. The research conducted towards this application can be applied to other systems as well, including other cardiovascular devices as the design considerations for thromboresistant biomaterials are similar. 
This introduction aims to outline the progress made in damage resistant hydrogels and hydrogel coatings over the last twenty years and to demonstrate how literature from this field can be implemented towards application focused design. Namely, this literature overview will focus on damage resistant hydrogel coatings compatible with the cardiovascular system and small diameter vascular graft construct coatings and the limitations and considerations that must be undertaken to do that translation.
[bookmark: _Toc108641456]1.2 Clinical Need
[bookmark: _Toc108641457]1.2.1 Multilayered Small Diameter Vascular Grafts for Coronary Artery Disease
In the United States alone, it is estimated more than 400,000 coronary artery bypass grafting (CABG) procedures are performed annually.13 The gold standard for this procedure is an autologous graft which is unavailable for up to a third of patients due to complications or previous harvest.14 The alternative—synthetic small diameter (<6 mm) vascular grafts—perform poorly due to thrombosis and intimal hyperplasia, despite success in larger diameter applications.15 
Successful small diameter vascular graft design requires control of biological and biomechanical criteria to address these failure mechanisms. For effective clinical translation, it is additionally beneficial for a medical device to attain off-the-shelf utility. Synthetic devices enable this as well as high degrees of tunability and lower costs than biological approaches such as those requiring use of bioreactors. A multilayered approach to synthetic device design allows one to decouple disparate design criteria of biological and biomechanical requirements.16 To meet these design criteria in an off-the-shelf application, our lab has designed a multilayered small diameter vascular graft with an electrospun luminal layer that matches arterial mechanical properties to prevent intimal hyperplasia and a hydrogel intimal layer that prevents thrombosis. This work will be focused on the prevention of device thrombosis via the development of hydrogel coatings for small diameter vascular grafts. 
[bookmark: _Toc108641458]1.2.2 Thrombosis 
Thrombosis of biomaterials occurs as a result of complex blood-material interactions that can cause protein adsorption, platelet and leukocyte activation/adhesion, and activation of the complement and coagulation cascades.17 Immediately upon implantation, proteins adsorb to the material surface and cover it within seconds.18 Protein adsorption may lead to initiation of the coagulation cascade and complement system. In vivo, the endothelium prevents platelet activation and activates clotting dynamically in response to cues from circulating blood and the underlying extracellular matrix.19, 20 To prevent thrombosis of biomaterials, it is therefore essential to limit protein adsorption and promote the development of an endothelium. 
	A material designed to prevent thrombosis must do so both acutely upon implantation and in a sustained manner for the duration of the patient’s lifetime. Acute thromboresistance can be achieved by limiting protein adsorption to the material surface in the short term. Surfaces that are charge-neutral and strongly water-binding reduce protein adsorption via competitive hydrogen bonding interactions with water molecules.18 A popular strategy for long-term thromboresistance is to encourage endothelialization of the implanted material.19 Promoting endothelial cell growth on synthetic substrates requires careful consideration of the substrate, including both bioactive and mechanical cues. Beyond the promotion of endothelial cell adhesion and migration, design focused on the adhesion of specific endothelial cell phenotypes for the hemostatic regulation is important.19 
[bookmark: _Toc108641459]1.2.3 	Thromboresistance and Bioactivity of PEG-Based Hydrogels 
	To achieve acute and sustained thromboresistance, our lab utilizes a bioactive poly(ethylene glycol)(PEG)-based hydrogel. PEG hydrogels have a long history in cardiovascular applications.21-24 This polymer has been demonstrated to resist nonspecific protein adsorption.18 Utilization of PEG-based hydrogels covers the thrombogenic mesh substrate with a high degree of hydration, making it difficult for proteins to adsorb and therefore providing the multilayer grafts with acute thromboresistance. The hydrogel coating functions as a biological blank slate due to this antifouling nature. A major benefit to PEG-based hydrogel coatings is straightforward incorporation of biological cues for tunable control over cell-material interactions.25 Specifically, utilization of covalently crosslinked networks with end-functionalized PEG-based hydrogels enables direct incorporation of biological cues via proteins functionalized with PEG linkers with acrylamide end groups.26 This combined antifouling behavior and straightforward bioactivity incorporation highlights their ability to demonstrate specific protein presentation.  
	Endothelialization of materials requires specific adhesion ligands and desirable substrate modulus. We have demonstrated the effect of PEG-based hydrogel modulus on endothelial cell attachment and spreading.25 PEG-based hydrogels have tunable structure-property relationships that allow them to be optimized for mechanical properties that promote endothelialization.27 To promote endothelialization, a designer collagen Scl2GFPGER is used that has been demonstrated to have nonthrombogenic properties and to recruit thromboresistant endothelial cell phenotypes.26, 28  Introduction of these integrin-targeting proteins promotes endothelial cell adhesion, migration, and a hemostatic phenotype that can support sustained thromboresistance.29, 30 
	This multilayer vascular graft approach targets post-implantation endothelialization through capture of endothelial cells from the blood stream using designer collagen integrin binding domains. The goal of this approach is to enable an off-the-shelf graft, eliminating the need for expensive hospital equipment like bioreactors. The hydrogel is biostable for long-term use in vivo to support the continued lifecycle of the endothelium.31, 32 Finally, bioactive hydrogels, applied as coatings to multilayer grafts, can be dried, sterilized, and stored for off-the shelf use without affecting graft properties.33 Overall, these hydrogel coatings successfully achieve the thromboresistant properties desired for their use in small diameter vascular grafts.
[bookmark: _Toc108641460]1.2.4 Limitations
	Early characterization of the developed multilayer vascular grafts was promising in terms of clinical utility and biological function. However, initial evaluation of these materials in porcine studies elucidated significant damage to the hydrogel coating of the vascular grafts.8 During suturing of the grafts, hydrogel particles were dislodged and caused embolism of the animal. Handling of the multilayered construct with forceps compression and twisting caused extensive damage to the hydrogel layer, exposing the underlying the mesh substrate and causing thrombosis. These failure mechanisms are due to the brittle nature of conventional hydrogel networks with high crosslinking densities and poor extensibility. Improvement of hydrogel mechanical properties such as increased fracture energy and ultimate elongations could address these damages. Fracture energy describes the energy required to propagate a defect in the hydrogel network. Ultimate elongation describes the extent to which a hydrogel can stretch before breaking. These damage mechanisms are catastrophic for clinical translation. To address these damages, research was undertaken to incorporate fracture energy dissipating networks and greater extensibility to PEG-based hydrogels to improve mechanical durability while maintaining the desirable biological properties previously attained.  
[bookmark: _Toc108641461]1.3 Tough and Strong Hydrogels  
	The damage mechanisms observed in our previous research hinder the adoption of hydrogels in many applications. The focus on new hydrogel designs that have greater mechanical integrity has developed in response to this need. There are four primary categories of approaches to the design of hydrogels with improved mechanical strength, fracture energy dissipation, ultimate elongations, and durability. These categories are high functionality crosslinkers, homogenization, secondary interactions, and interpenetrating networks. The rationale behind these approaches will be described, examples listed, and benefits and limitations to each addressed. 
As a baseline for comparison of mechanical properties, the PEGDA 3.4 kDa hydrogels used in our previous research have ultimate tensile strengths of 52 kPa, ultimate elongations at 40%, and tensile modulus at 136 kPa. Many reports of so-called “tough” hydrogels do not report modulus values and instead focus on ultimate tensile strength and ultimate elongations. Additionally, values for fracture energy characterization often report varied units. There is not a standard for reporting of modulus values (ie at what strain or range of strains modulus is determined) for hydrogels. Additionally, the field of soft material fracture characterization is rapidly evolving, and therefore methods of characterization are still changing.34-38 For this reason, the hydrogel mechanical properties detailed in the following sections will primarily be ultimate tensile strengths and ultimate elongations. 
[bookmark: _Toc108641462]1.3.1 Approaches to damage resistant hydrogels
[bookmark: _Toc108641463]High Functionality Crosslinkers
	During hydrogel failure, stress concentration in the network causes polymer chains to break. Then, fracture energy from this breakage is translated to the few surrounding chains, causing catastrophic failure.39 Functionality in context of hydrogel systems refers to the number of polymer chains that converge at a network junction.40, 41 In hydrogel networks crosslinked with tri- or tetra-functionalized crosslinkers or TetraPEGs, this number can be as few as 3 or 4. Most conventional hydrogels have low functionalities, though hydrogel networks crosslinked via free-radical polymerization from end functionalized macromers such as PEGDA have junction functionalities sometimes >100.42, 43 The concept behind high functionality crosslinkers for improved mechanical properties relies on the idea that if network junctions are large, stiff, and have a high number of chains (large functionality), chain breakage will be dissipated over a large enough number of chains to avoid a terminal event.44 In this manner, chain breakage acts as sacrificial fracture energy dissipation.45 Such hypotheses are investigated primarily with mechanical analysis. The ability to characterize bond scission and translation of mechanical energy from these events is only recently becoming a reality through the implementation of chemiluminescence.46-49 
In a 2017 commentary, Dr. Xuanhe Zhao proposed that high functionality crosslinkers could allow hydrogels with fracture strength close to the theoretical limit by promoting polymer chains to reach their extension limit and rupture simultaneously.50 For uniformly crosslinked networks with Gaussian chain distribution, the shorter chains would extend more quickly than the longer chains and break first. This process would need to dissipate non-fatal fracture energy. The fracture of shorter chains could allow the network to reach the extension limit of a substantial number of polymer chains, then simultaneous fracture of these chains would require a great deal of energy and result in stiff hydrogels. This prospective proposed achievement of this network structure through the use of high functionality crosslinks through the use of nanoparticles51-54 or crystalline domains.55-57  
For nanoparticles, crosslinks are primarily based on physical adsorption. During hydrogel extension, physically adsorbed chains pull out of the crosslinking points and dissipate fracture energy. In a recent example by Zhang et al., a nanocomposite clay Laponite XLG (Na0.7+[(Mg5.5Li0.3Si8O20(OH)4)]0.7−) was implemented to crosslink acrylamide and isocyanoethyl methacrylate-glutamine monomers.51 This network achieved ultimate tensile strengths of 140 kPa and ultimate elongations of 1400% that the authors attributed to the strong hydrogen bonding interactions between the nanocomposite and polymer chains. It has been hypothesized that the high number of chains on such nanoparticle crosslinkers prevents chain dissociation events from forming microcracks.58 A limitation to this approach is the blood clotting nature of certain nanoparticles51 as well as their heterogeneity.59 
[bookmark: _Toc108641464]Homogenization
Hydrogels are known to be inhomogeneous materials, especially those crosslinked through free-radical initiated chain polymerization.60, 61 Hydrogel failure occurs as a result of stress concentration to the weakest points in the network caused by these inhomogeneities.60 Homogenization approaches to improving hydrogel mechanical properties are based on the concept that more uniform distribution of stress through the network limits fatal stress concentration and promotes greater network cooperativity.61 
In 1998, Shibayama described hydrogels as networks with spatial, topological, connectivity, and motility inhomogeneities introduced during the crosslinking process.62, 63 Several schemes for classification of inhomogeneities have been proposed since that time.64 Recently, Richbourg and Peppas described an updated swollen polymer network hypothesis in which hydrogel defects are broadly categorized as permanent entanglements, chain-end defects, and loops.40 Due to the large variety in hydrogel crosslinking methodologies and chemistries, structural heterogeneities are likely to vary widely depending on various monomer or macromer elements such as molecular weight, size of network junctions, and the polymer-solvent interaction parameter. The Richbourg-Peppas hypothesis was undertaken to enable fundamental models to better account for variations in current hydrogel formulations. Shibayama’s career in part focuses on characterization of hydrogel network structures including inhomogeneities utilizing scattering methods. Researchers following this line of study have conducted characterizations of various hydrogel networks with small angle x-ray or neutron scattering.64-69 Heterogeneity characterizations conducted without scattering methods have focused on bulk mechanical property comparisons of heterogeneous chain-growth polymerized hydrogels as compared to more homogeneous step-growth polymerized hydrogels.60, 70-72
A deep body of work has been dedicated to studying the nature of heterogeneity in hydrogels as detailed by Dr. Sebastian Seiffert in his 2017 review.64 Despite these efforts, there are not yet simple and straightforward characterization methods to quantitatively determine the degree of inhomogeneities in a hydrogel network. The scattering methods that can directly characterize these features require prohibitively expensive instrumentation. Despite this, researchers have sought to improve the homogeneity of hydrogels towards the goal of improving modulus and extensibility. Experts in scattering techniques have contributed much to the literature with their expertise. Other researchers have conducted this work by implementing fundamental swelling theory and characterizing swelling and mechanical properties. Within this body of work, two approaches to network homogenization have appeared in the literature. Primarily, step-growth crosslinking methods with different chemistries are explored. Additionally, slide-ring hydrogels have been described. Using these network approaches, hydrogels with improved mechanical properties have been achieved, and fundamental insight into network structures has been attained along the way.
Two key researchers, Dr. Mitsuhiro Shibayama and Dr. Takamasa Sakai, have lead work implementing scattering methods to deeply characterize TetraPEG networks to assess and optimize the homogeneity of these networks.61-63, 73-85 In 2009, the authors reported TetraPEG hydrogels with an ideal polymer network without entanglements as characterized with small-angle neutron scattering and static light scattering.74 In 2010, they reported mechanical properties of TetraPEG hydrogels consistent with a network where each chain cooperatively and equivalently participated in network elasticity as determined by comparison of experimental results to fundamental models.76 This is an impressive feat and has lead to more fundamental work with TetraPEG hydrogels. However, this research is limited to the uniquely homogenous and robust TetraPEG hydrogel system, and the mechanical improvements attained with this network are not translatable to other hydrogel chemistries. 
Broader investigations of hydrogels crosslinked with step-growth polymerization methods including click chemistry approaches using swelling and mechanical data to assess differences between “heterogeneous” and “homogeneous” networks. As swelling and mechanical analysis are much more ac0cessible than scattering methods, a greater number of researchers have participated in this line of analysis. Tibbit and coworkers compared chain and step-polymerized hydrogels in 2013, proposing improved cooperativity in step-growth gels that resulted in improved shear strain to yield as compared to chain-growth hydrogels with high network connectivity that lead to slower erosion rates relative to the step-growth gels.60 Vats and coworkers ran a similar comparison of polymerization approaches in 2017, demonstrating decreased heterogeneity in surface mechanical properties of step-growth hydrogels over chain-growth hydrogels as determined with atomic force microscopy.71 In their work, swelling ratios and Young’s moduli of the two network types were comparable. Though these studies demonstrated clear differences between step-growth and chain-growth PEG-based hydrogels, the comparisons made involved networks with different junction functionalities and molecular weight between crosslinking points. Limitations of these comparisons are clear in particular considering the updated swollen polymer network hypothesis developed by Richbourg and Peppas in 2020. In the updated equilibrium swelling theory, greater information about hydrogel synthetic conditions are required to accurately estimate the molecular weight between crosslinks necessary to compare a hydrogel network.43
Slide ring hydrogels achieve network homogenization through implementation of mechanical interlocking of polymer chains, an alternative to chemical and physical bonds.86, 87 The figure-of-eight crosslinks of polyrotoxane contain threaded polymer chains. As the networks are deformed, chains move through the figure-of-eight crosslinks to relieve tension in what is called the “pulley effect”.88 Through these interactions, stress is uniformly applied through the network. Imran and coworkers demonstrated dramatic improvement of network ultimate elongations in comparison of a conventional crosslinker with the polyrotoxane figure-of-eight crosslinker (29% to 912%).88 Due to harsh fabrication conditions incompatible with biological application, these networks were only recently tested as biomaterials.89  Slide-ring hydrogels offer a unique network architecture to improve mechanical properties. However, synthesis of the polyrotoxane groups requires acumen in synthetic techniques.  
In an assessment of this literature, it is difficult to compare results tying improved mechanical properties to increased homogeneity due to the variations in comparison metrics. Robust comparisons require accurate modeling for translation of mechanical property and swelling comparisons to comments on heterogeneity, or access to scattering methods and analysis of this data. Hydrogel heterogeneities, especially entanglements, are vast and play an essential role in some hydrogel systems.90 Limiting homogeneity could be beneficial for some hydrogel systems, but these methods are not broadly adoptable for coating methodologies. While some step-growth approaches can achieve rapid crosslinking like the work produced by the Anseth lab,91 others require long crosslinking times to attain high conversions.79 Further, slide-ring approaches are limited to very specific chemistries that require modification for biocompatibility.89 
[bookmark: _Toc108641465]Sacrificial Bonds
	Conventional hydrogels are composed of either physical or covalent networks. Physical networks are often used in biomedical applications for so-called “natural” hydrogels, composed of biological molecules such as collagen or gelatin hydrogels.92, 93 These networks are crosslinked through hydrogen bonding interactions and are typically weak and pose reproducibility challenges.5, 94 Covalent networks, or “synthetic hydrogels”, have clearer defined structure/property relationships and are more mechanically robust.5 Sacrificial bonds refer to the non-covalent bonds in a hydrogel network with both covalent and non-covalent bonds. Sacrificial bonds can be made up of a variety of non-covalent interactions including ionic interactions, hydrogen bonds, dipole-dipole interactions, ion-dipole interactions, hydrophobic associations, π-π stacking, and metal-ligand interactions.59 Use of sacrificial bonds prevalent in natural hydrogels in synthetic networks provides an opportunity for dissipation of fracture energy.95 As the network is stressed, the non-covalent interactions, or labile bonds, break before the covalent bonds.96 Fracture of the sacrificial bonds dissipates fracture energy and preserves the covalent bonds.95 In some cases, these sacrificial bonds enable self-healing properties of the hydrogel networks as the breaking and reforming of these bonds are reversible.97, 98 Three types of sacrificial bonds will be described in the following paragraphs: ionic interactions, hydrogen bonds, and hydrophobic domains.
	Approaches to improve the mechanical strength of hydrogels that use ionic interactions rely either on swelling ionic groups into an established polymer network or crosslinking a network from a mixture of cationic and anionic groups.97 Examples of ion/polymer networks include alginate/ Ca2+ 99, agar/Li+, and poly(acrylamide)/Fe3+ 59. Examples of a fully ionically crosslinked network are polyelectrolytes like poly(2,2’-disulfonyl-4,4’-benzidine terephthalamide) with multi-valent ions such as NaCl, CaCl2, AlCl3, and ZrCl2O100 and zwitterionic hydrogels made from polymerization of carboxybetaine acrylamide.101 In 2013, Sun and coworkers demonstrated the first polyampholyte approach for structural biomaterials by doing a one-pot hydrogel fabrication with the cationic monomer 3-(methacryloylamino)propyl-trimethylammonium chloride and the anionic monomer sodium p-styrenesulphonate.97 Through variations of ionic group concentrations, they were able to achieve networks with ultimate elongations of 750% and ultimate tensile strengths of 1.8 MPa. A limitation to ionic crosslinks is an inherent vulnerability to mobile ions. These networks are unable to maintain consistent desirable mechanical properties in electrolyte solutions.56
Hydrogen bonds are widely used as sacrificial interactions in living systems.102 These interactions have been utilized by many in the development of tough and self-healing hydrogels. Cooperative effects of hydrogen bonds in small molecules and polymer systems is well established.103 The two methods within this approach are incorporation of hydrogen bonding moieties within the polymer backbone or polymerization (or copolymerization) of small molecule hydrogen bonding groups. Cui and coworkers reported a PEG-based polymer with urea moieties with good elasticity and high ultimate elongations.104 Some of the popular small molecule hydrogen bonding groups are N-vinylpyrrolidone,8, 103 2-vinyl-4,6-diamino-1,3,5-triazine (VDT),105 N-acryloyl glycinamide,106, 107 and 2-Uredio-4-pyrimidone (UPy).98, 108, 109 UPy has a dimerization constant of 106 M-1 or above with its quadruple hydrogen bonding structure.110, 111  A 2020 publication implementing copolymerization of UPy with polyacrylamide achieved hydrogels with tensile strengths of 2.51 MPa and ultimate elongations of 707%.112 A limitation of hydrogen bonding interactions for tough hydrogel fabrication is competition of water for hydrogen bonding binding sites within the swollen hydrogel network.56, 113
	The strength of hydrogen bonding interactions can be further improved by network segmentation in combination with the incorporation of hydrophobic domains.114-117 The presence of hydrophobic groups in proximity to hydrogen bonding groups supports the stabilization of hydrogen bonding associations, effectively shielding these groups from interactions with water competing for bonding sites.116 Further, hydrogen bonding group association promotes the association of hydrophobic groups in the network. Chang and coworkers reported a hydrogel based on a stearyl acrylate and UPy motifs-containing polymer that had both crystalline domains of stearyl acrylate and hydrogen bonding dimers from UPy.116 At 64.4% water content, this network had tensile breaking stress of 0.75 MPa, modulus of 0.14 MPa, and breaking strain of 725%. One limitation to hydrophobic associations is their difficulty of formation due to low solubility of hydrophobes.56, 118 
	Sacrificial interactions are a broad category with many possible implementations. Some of the approaches, like ionic interactions and hydrophobic domains, may pose difficulties in translatable work due to electrolyte and solubility issues, respectively. Hydrogen bonding is widely used in biological systems and can promote self-healing.98 However, hydrogen bonding interactions within a hydrogel network can be outcompeted by water.103 Sacrificial interactions are strengthened for extremely stiff and robust hydrogels when used in combination with interpenetrating and double networks as described in the following section. 	
[bookmark: _Toc108641466]Interpenetrating Networks
	Interpenetrating network (IPN) hydrogels are formed by introducing a second polymer network interdigitated within the first. These two networks cannot come apart without fracture of the hydrogel. Often, one of the networks has long polymer chains that are stretchy and highly extensible, and the other has short chains that dissipate fracture energy through breakage. IPNs can be formed via sequential or simultaneous methods and can be composed of physical or covalent networks.94 For IPNs fabricated with a brittle covalent networks, high mechanical energy dissipation is achieved by cleavage of covalent bonds, resulting in large degrees of irrecoverable hysteresis.119 Mechanical energy dissipation in IPNs can also be achieved through breaking of sacrificial physical bonds.115 While fracture of physical bonds releases less energy, hysteresis of these networks can be recovered.100 
IPN networks can use and combine any of the previously described strategies for improving hydrogel mechanical strength with the two networks. For instance, one of the most cited papers in the field of tough hydrogels is the work of Sun and coworkers in 2012 on a network with ionic interactions.99 In this paper, a polyacrylamide and alginate network are combined. Divalent cations (Ca2+) form sacrificial interactions within the alginate network via complexation with the alkoxide groups. This network could be stretched 20 times its original length and had fracture energies nearly two orders of magnitude higher than conventional hydrogels. In another example, a 2016 paper produced collaboratively between the Sakai and Gong labs described a double network hydrogel with a homogeneous TetraPEG hydrogel first network.120
	IPN approaches allow for more versatile combinations than single network approaches. These networks can give denser networks with greater stiffness and maintenance of elasticity than a single network alone.86 In some combinations of two networks, intermolecular complexes can form between the two networks to have a toughening effect via hydrogen bonds, hydrophobic domains, or other non-covalent interactions.39 Double networks (DN) are a special class of IPNs first reported by Gong et al. in 2003.4 This research group has reported the design principles for a DN which are (i) a first network that is a brittle polyelectrolyte and a second network that is soft and ductile; (ii) the molar concentration of the second network is 20-30 times that of the first; and (iii) the first network is tightly crosslinked and the second is loosely crosslinked.121 In these networks, the brittle network is fractured irreversibly to dissipate a large amount of energy under deformation.122 This mechanism is biologically inspired—the same method is responsible for the toughness of natural tissues.122 
Determining whether an IPN falls within the DN categorization is complicated when considering molar concentrations of different hydrogel systems. Networks composed of polymerized monomers and those synthesized from polymerization of end-functionalization of macromers will have different molar ratios of the network. The design criteria do not define if molar concentrations represent those of repeat units or crosslinking groups. Clearer design criteria of DNs will hopefully be developed as progress in modeling these networks continues. Regardless, mechanistic descriptions of DNs can be used to understand IPN networks and mechanical energy dissipation mechanisms in genearl. IPNs have been applied to a range of biopolymer single networks to improve mechanical performance.94  The primary limitations to IPN networks are the potential for material fatigue with irreversible network fracture and high polymer density that can result in low water contents. 
[bookmark: _Toc108641467]1.3.2 Application Constraints 
As detailed in section 1.1, implementation of hydrogel networks with improved mechanical strength is only beginning in biomedical applications. Back in 2015, biomedical researchers Dr. Mariah Hahn and Dr. Andrew Dove developed interpenetrating networks from PEGDA/collagen123 and Diels-Aldre/thiol-yne reactive PEGs124, respectively. Recent developments in the field of tough and resilient hydrogel design have forgone limitations of biological considerations towards the goal of understanding fundamental soft mechanics. Transitioning back to biomedical applications requires careful consideration of the biological system. Recently, Dhand and coworkers published a review on biopolymer IPNs, though this review did not mention damage resistance properties of the networks.94  Fuchs et al. and Nonoyama et al. also recently published reviews describing various biological studies conducted alongside reports of mechanically robust hydrogels.86, 122 While the former review describes applications in cardiovascular tissue engineering, the latter specifically describes double network hydrogels and applications in soft connective tissue. As the goal of this work is to demonstrate the utility of damage resistant hydrogel coatings in small diameter vascular grafts, only networks were explored. 
Cardiovascular device design requires consideration of antifouling properties, hemocompatibility, biostability, and favorable cell-material interactions.125 Hydrogels must maintain high water contents to promote antifouling properties. Many of the double network approaches to hydrogels have water contents that fall below 80%.97 Some of the networks that are very stiff and tough have water contents as low as 50%.116 To limit protein adsorption and platelet adhesion, it is important to avoid hydrophobic domains. These domains result in thermodynamic instability of the protective water layer that coats hydrophilic materials, leading to rapid protein adsorption.18 Further, use of ionic interactions poses a risk due to the potential for leaching. Some ions play key physiological roles and others can cause systemic toxicity; limiting unanticipated effects is essential in biomaterials design.126, 127 Finally, certain polymers can activate platelets or leukocytes.128, 129 Any material used for cardiovascular devices must be body safe in each of these regards. PEG is listed as one of the few polymers that facilitates blood-compatible hydrogels.130 Our lab has exclusively used PEG-based approaches for small diameter vascular graft applications for this reason. 
As detailed prior, damage to the hydrogel layer in previous multilayer vascular grafts during clinical handling lead to this focus on improved mechanical properties. In 2018, Dr. Allison Post demonstrated a sacrificial bonding incorporation strategy that resulted in the elimination of particulate generation during suturing.8 In this approach, N-vinyl pyrrolidone was copolymerized into a PEG-diacrylamide single network hydrogel. The fracture energy of these hydrogels was much greater than the networks with PEG-diacrylamide alone. The incorporation of hydrogen bonding interactions was able to be directly correlated to the decrease in suturing-incurred damages. In addition to this damage limitation, these hydrogels showed maintenance of thromboresistance properties. The hydrogels showed no platelet activation under flow and were able to adhere bovine aortic endothelial cells. Further alterations to the PEG-based network in established multilayer vascular grafts must replicate this maintenance of thromboresistance. 
[bookmark: _Toc108641468]1.4 Hydrogel Coatings
The secondary critical consideration for biomedically translatable hydrogel coatings is strong cohesion between the substrate and hydrogel layer. As detailed in section 1.1, literature addressing coating methodologies with strong hydrogel cohesion is limited.9, 10, 131 Despite the lack of robust coating methodologies, many reports of conventional hydrogel coatings have been made in biomedical applications. Biomedical researchers largely use these methods. Researchers in the fields of soft mechanics have shifted towards new design principles for robust hydrogel coatings. Both approaches will be detailed in the following sections. 
[bookmark: _Toc108641469]1.4.1 Conventional mold-based crosslinking platforms 
Biomedical researchers interested in the biological properties of hydrogel coatings have defaulted to the well-established methodology of photopolymerized hydrogel coatings fabricated with glass molds. Mold-based photopolymerization methods have been used to fabricate vascular grafts,8, 30 heart valves,132, 133 neural implants,134, 135 and orthopedic implants.136 Substrate geometry and hydrogel thickness are dependent on the mold used. Attaining thin and uniform coatings with molds is an experimental challenge, as is the fabrication of complex shapes. These hydrogel coatings use a variety of methods to promote substrate cohesion including surface modifications and mechanical interlocking.
	In surface modification strategies, covalent or non-covalent bonds between the hydrogel network and substrate are formed to promote adhesion of the two materials. Some surfaces such as glass and metals require surface activation to promote any bonding between substrate and coating.137 Surface activation can be accomplished with chemical grafting, chemical vapor deposition, or plasma treatment.138, 139 Other surfaces such as biological tissues already have reactive groups such as amines that appropriate chemistries can target to form covalent or noncovalent bonds.140, 141 A number of bond types can be used for varying types of surface chemistries, including static covalent bonds, dynamic covalent bonds, ionic interactions, hydrogen bonds, and other noncovalent interactions (hydrophobic, dipole-dipole, pi-pi interactions, host-guest).139 The use of covalent bonding between the substrate and hydrogel is not guaranteed to result in strong adhesion between the samples, as the amount of water at the interface greatly exceeds the number of bonds.1 Adhesive bonds rely on covalent and physical interactions, using a third layer between the hydrogel and substrate. This layer can either be a solid or a liquid that conforms to the surface of the adherends. A commonly used adhesive is cyanoacrylate glue, which forms a glassy phase between the hydrogel and substrate thereby hardening it.139 Polydopamine is a useful compound for this application due to its ability to engage in many types of covalent and non-covalent bonds that may be common to the hydrogel and substrate.136, 142, 143
	Mechanical interlocking contains two subcategories of physical interactions: hydrogel interdigitation with substrate key-lock or thread-hole topologies.139 This type of interaction relies on some degree of porosity of the substrate. In both topologies, a hydrogel precursor solution fills substrate pores and is physically entrapped. For the key-lock topologies, the hydrogel can slip out if external forces overcome the friction between the substrate and hydrogel elasticity. For substrates such as highly porous foams, emulsions, clays, and electrospun materials, the large degree of porosity enables thread-hole topology. To separate the coating from the substrate if this topology is used, one of the materials must break. While this coating approach does not inherently lead to high cohesive strength, combining this approach with robust bulk hydrogels can result in durable hydrogel coatings. Such use of mechanical interlocking has been demonstrated by Kurokawa and coworkers using double network hydrogels.144
[bookmark: _Toc108641470]1.4.2 Robust and conformable crosslinking platforms 
Recent approaches have been developed to eliminate the need for molds and to improve coating cohesive strength. Methods to eliminate the need for molds are based on diffusion-mediated approaches.145, 146 These methods rely on an initiator molecule (redox, thermal, or photoinitiator) at the surface of or within the substrate surface-activating polymerization of the hydrogel. As crosslinking occurs at the substrate surface, a hydrogel forms conformably along the material area exposed to precursor solution. This has been demonstrated with a redox approach in iron-leaching 3D printed materials.147 Roseen and coworkers used an enzyme-mediated radical generation approach with passive adsorption of iron to coat heart valves.140 
An important development in hydrogel coatings was the use of diffusion-mediated crosslinking via photoinitiation by Yuk et al. who used this concept to design a new type of crosslinking modality.137 In their work, a hydrophobic photoinitiator is adsorbed into the substrate; the substrate is submerged in a precursor solution with a hydrophilic photoinitiator and exposed to UV light. Monomers diffuse into the substrate and radicals there activate growing polymer chains. These groups polymerize with monomers in solution. The result is thin, conformal hydrogel coatings that can be formed on diverse polymeric substrates.148 This methodology has been referred to as stitching polymer layers and has been expanded by others to further incorporate interpenetrating networks.146 This principle can also be used on wet materials through careful selection of the stitching polymer.149 Diffusion-mediated crosslinking platforms hold much promise for the formation of robust hydrogel coatings when combined with previously described approaches to tough hydrogel formation. 
[bookmark: _Toc108641471]1.5 Summary and Approach
Our previous research has focused on addressing the limitations in small diameter vascular graft design. We have developed an off-the-shelf, small diameter vascular graft that promotes post-implantation endothelialization, withstands physiological forces, and matches the compliance of native vessels.30, 150 Approaches implementing hydrogel coatings in the cardiovascular sphere have been hindered by the use of conventional hydrogels. The outlined progress in stiff and robust hydrogels and coating methods that promote strong adhesion to substrates lays important groundwork for the development of robust hydrogel coatings for biomedical applications. Attaining robust mechanical properties and conformable coatings while maintaining biological criteria of previous small diameter vascular grafts (antifouling, thromboresistant, desirable cell-material interactions) is a difficult task. To meet this challenge, we have developed a new hydrogel coating methodology as well as a new PEG-based IPN hydrogel network that complies with this coating methodology. 
	In the development of our new coating methodology, only chemistries that would be compatible with the eventual application as well as methods that would facilitate conformability and thin coatings were considered. Further, only approaches that would enable the use of PEG linkers for biological molecule incorporation were investigated. In designing tough hydrogels, we sought to improve extensibility without sacrificing network stiffness necessary for endothelialization. Designing thin and conformable coatings that maintained thromboresistance as well as eliminated any damage mechanisms that may be incurred during surgical handling without losing stiffness was a challenge of matching oppositional design criteria. The work here is a culmination of many studies attempting different methods to achieve these design criteria. We hope this work is useful for a broad range of biomaterials scientists who seek to optimize the mechanical performance of their hydrogel coatings within requisite biomedical design criteria, both within the cardiovascular space and beyond. 
	In Chapter II, our diffusion-mediated redox polymerization coating method for bioactive hydrogels is described. In Chapter III, attempts towards the development of stiff and extensible hydrogels and our final approach are discussed. Chapter IV focuses on design considerations necessary to adapt the diffusion-mediated coating method to polymers relevant for high extensibilities. Finally, Chapter V describes the application of robust hydrogel coatings on small diameter vascular grafts and demonstrates their mechanical robustness for surgical handling and maintenance of requisite biological criteria. With this work, we aim to eliminate any concerns of durability and introduce a large degree of tunability for translation of hydrogel coatings for cardiovascular applications. Future work will further biological assessment of these synthetic small diameter vascular grafts towards the goal of establishing its clinical relevance. 
[bookmark: _Toc108641472]
Chapter II:  Bioactive Hydrogel Coatings of Complex Substrates using Diffusion-Mediated Redox Initiation
[bookmark: _Toc108641473]2.1 Introduction
Due to their promising physiological similarity to soft tissues, hydrogels have been developed for cardiovascular151-154 and musculoskeletal155, 156 tissue systems, among others.157, 158 Applied as coatings, hydrogels can modify the surface chemistry and stiffness of load-bearing biomaterials without affecting bulk properties. For example, a hydrogel coating of a cardiovascular device can be used to both mask an underlying thrombogenic substrate to prevent clotting and modify the bioactivity and substrate modulus to promote endothelialization.25, 30, 133 In the design of a hydrogel coating technique that is adaptable to a range of geometries, it is essential that the coating is both uniform and conformable to the substrate of interest. Surface grafting of hydrophilic polymers to a substrate requires chemical activation of the surface and generates thin coatings in the range of a few nanometers.159, 160 These thin coatings do not substantially change the mechanics of the surface, can display incomplete surface coverage, and are prone to damage.146, 161, 162 To generate thicker hydrogel coatings (> 50 m) that can be used to modulate both chemistry and substrate modulus, liquid precursor solutions are typically applied to the surface using molding or dip‐coating and then photocured.8, 30, 144 Although this approach provides greater versatility in the hydrogel coating and does not require chemical modification of the construct, it is constrained to the geometries of the mold. As such, fine control of coating thickness and the ability to conform to complex geometries is limited. An adaptable coating methodology that could impart biofunctionality to diverse device geometries without requiring chemical modifications of the construct would have broad application in medical device design. 
In 2009, Johnson et al. reported a method to form bioactive hydrogel coatings on 3D hydrogel substrates utilizing the Fenton reaction between hydrogen peroxide and ferrous iron (Fe2+).145, 163, 164 In this technique, sucrose is swollen into the hydrogel scaffold and then the construct is placed in a solution of glucose oxidase and Fe2+. As the sucrose diffuses out of the construct, it reacts with glucose oxidase to generate hydrogen peroxide, which subsequently reacts with Fe2+ to yield peroxide radicals that can be used to initiate radical crosslinking around the substrate. Hume et al. and others reported this method was successful in modifying the surface of their hydrogels, demonstrating the ability to fabricate conformable bioactive hydrogel coatings.165, 166 However, this method is not broadly applicable to non-hydrogel systems. Ma et al. developed a redox-initiated crosslinking strategy based on the reaction between Fe2+ and S2O82- to form hydrogel coatings using a similar diffusion-based approach.147 Materials were mixed with ferrous iron prior to 3D printing. As the Fe2+ leached from these 3D printed constructs, it reacted with the S2O82- and initiated hydrogel formation at the solid–liquid interface with tunable growth kinetics. This method expanded the application of diffusion-based, redox-initiated hydrogel coatings to a much broader set of materials and also enabled the generation of hollow hydrogel objects with complex structures.167 However, the method relies on incorporation of ferrous iron into the material prior to fabrication with potential effect on bulk properties of the substrate as well as additional processing and manufacturing burdens. 
 	We hypothesized that controlled adsorption and desorption of Fe2+ from a substrate could be used to generate conformable and diffusion-controlled hydrogel coatings in a similar manner but without requiring material compounding or changing the primary manufacturing method. The first step in our process is to adsorb iron (II) gluconate (IG) as a source of Fe2+ onto the substrate through a combination of molecular level adsorption and scaling of salt layers.168 As shown in Figure 2.1, IG-coated meshes are then immersed into a solution of ammonium persulfate (APS) and a macromer solution of polyethylene glycol diacrylate (PEGDA). As the redox reagents diffuse from the surface, persulfate anions are spontaneously reduced by ferrous iron to generate sulfate anions and sulfate radicals (Figure 2.1). Sulfate radicals then initiate the vinyl groups of PEGDA, beginning free radical crosslinking and hydrogel growth from the surface. The diffusion of the IG from the surface provides controlled growth kinetics with chain propagatation leading to inreased hydrogel coating thickness. To terminate the reaction, the substrate is simply removed from the macromer solution and rinsed to remove unreacted macromer. The mild post-fabrication process of adsorbing the reducing agent to the substrate can be applied to a broad range of materials and complex geometries without affecting the bulk properties or manufacturing process. The subsequent coating step enables rapid generation of hydrogel coatings with growth kinetics readily controlled by composition and time. In addition to conformable hydrogel coatings, this method is also amenable to the incorporation of proteins at the construct surfaces to introduce biofunctionality to direct cell behavior. 

[bookmark: _Toc108643573]Figure 2.1: A) Diffusion-mediated crosslinking, where Fe2+ diffuses away from the substrate into S2O82- to generate radicals and crosslink PEGDA hydrogels; B) reaction between iron gluconate and the persulfate anion to generate sulfate radicals that initiate poly(ethylene glycol) diacrylate (PEGDA) end-groups; C) hydrogel coatings immediately after crosslinking, after swelling for 24 hours, and after drying and re-swelling.
In this work, we first established the efficacy of our redox diffusion-mediated crosslinking technique to form hydrogel coatings on electrospun meshes. The process was repeated with multiple hydrogel compositions to demonstrate the versatility of the approach. We then explored how the methodology could be used to apply hydrogel coatings to other 3D substrates. Finally, we demonstrated that the process could be used to generate multilayered hydrogel coatings and bioactive coatings that support cell adhesion via protein incorporation. Collectively, this work illustrates a new and versatile method to apply bioactive hydrogel coatings on complex substrates with utility in a broad range of biomedical applications. 
[bookmark: _Toc108641474]2.2 Materials and Methods 
Materials
Reagents were purchased from Sigma-Aldrich and used without further purification unless otherwise noted.
Fabrication of Electrospun Meshes
Bionate® Segmented Polyurethane (DSM Biomedical Inc., Berkeley, CA, USA) was dissolved at 25 wt% in dimethylacetamide to generate electrospinning solutions. To fabricate electrospun polyurethane meshes, polymer solutions were pumped at a rate of 0.5 mL h-1 from a 20-gauge blunted syringe needle onto a rotating mandrel positioned 50 cm from the needle tip. The mandrel was charged at -5 kV and the needle tip at +15 kV using a high voltage source. Once the desired thickness was achieved (~0.15 mm), the mandrel was removed, and the mesh was annealed at 70℃ overnight. Fiber diameter was characterized with scanning electron microscopy (SEM). 
Synthesis of PEGDA
Poly(ethylene glycol) diacrylate (PEGDA) was synthesized as described by Browning et al.30 
Iron Gluconate Adsorption and Desorption
Electrospun polyurethane meshes were cut to 10 x 5 mm, weighed (Wm) and processed with a graded ethanol/water soak (70%, 50%, 30%, and 0%; 30 min each) prior to use to ensure wetting and penetration of aqueous solutions. Mesh specimens were placed in 3D printed clamps to prevent wrinkling and then soaked in a solution of 1, 3, or 5 wt% IG in deionized water for 15 min (n = 18). Following IG adsorption, meshes were immersed in methanol for 1 s and then dried under compressed air for 1 min to facilitate uniform drying of the highly porous, fibrous meshes. For desorption studies, coated meshes were immersed in deionized water for 2 min in 10 s intervals in a 96 well plate. IG release was monitored via absorbance at 320 nm using a plate reader (BioTek Synergy 2).169 The amount of IG released from meshes was calculated using a calibration curve of IG in DI water (Fig. S2). Adsorption and desorption of 5 wt% IG was characterized using the same process as above on 3D printed constructs of polylactic acid (PLA), polyethylene terephthalate glycol (PETG), and Onyx (carbon fiber-nylon) excluding the methanol immersion that was not needed to achieve uniform solution draining from the nonporous substrates.
Composite Fabrication and Characterization
To form hydrogel coatings, 5 wt% IG-coated meshes held in 3D printed clamps were immersed in aqueous solutions of PEGDA (3.4 kDa or 6 kDa, 10 wt% or 20 wt%), and ammonium persulfate (APS, 0.137 wt%, a 1:2 molar ratio to cumulative IG released after 2 min) for 10, 30, 60, or 120 s in a 96 well plate. After fabrication, composites were immediately immersed in water for 5 min to remove unreacted reagents, wicked dry, and dried in a vacuum desiccator for 24 h. 
The equilibrium swelling ratio and gel fraction of hydrogel composites were determined for each composition (n = 6). First, the dry mass of the mesh (Wm) and the dry mass (Wi) of the composites were measured after vacuum drying. Specimens were then swollen in deionized water that was changed 4x over 72 h to reach equilibrium swelling and the swollen mass of the composites was measured (Ws). Equilibrium swelling ratio (Q) was calculated as Q = (Ws-Wm)/(Wd-Wm). Specimens were dried under vacuum overnight and weighed to determine the re-dried mass following extraction (Wrd) to characterize gel fraction and leachable content of the hydrogel coatings. Composite gel fraction (GF) was calculated as:
 
The weight of the mesh was removed from calculations of both swelling ratio and gel fraction in order to investigate solely the hydrogel layer. 
Hydrogel coating thickness was measured for each composition (n = 12). After 72 hours of swelling and weighing, the edges of composites were removed with a razor blade to eliminate edge effects. Cross-sections of the composites (n = 4 per sample) were imaged with a stereoscope microscope and thickness was analyzed with ImageJ software (n = 12 measurements per sample).170  
Multilayered Hydrogel Coatings and Characterization
To fabricate multilayer composites, immediately after crosslinking an initial hydrogel layer (PEGDA 3.4 kDa 10%, 10 s coat), composites were immersed in a second solution containing PEGDA 3.4 kDa (10 wt%), APS (0.137 wt%) with either polymer coated silver nanoparticles (1.1 wt%, 15 nm, SkySpring Nanomaterials, Inc., Houston, TX) for 25 s or fluorescein isothiocyanate-dextran (FITC-dextran, 0.05 wt%, 2,000 kDa, 27 nm) for 16 s prior to quenching in water. Composites with nanoparticle-containing layers were sectioned and imaged with a stereoscope. Composites with FITC-dextran were sectioned and imaged with a Leica tcs sp8 Laser Scanning Confocal Microscope (excitation = 488 nm; emission = 510-530 nm). Polyurethane meshes displayed autofluorescence at both green and red wavelengths. To generate composite images, fluorescence of meshes was collected (excitation = 514 nm; emission = 550-600 nm). 
Bioactive Hydrogel Fabrication and HUVEC Culture  
Bioactive hydrogels were fabricated by covalently incorporating functionalized gelatin into redox coatings. Gelatin was functionalized with acrylate-PEG3400-NHS linkers (JenKem) according to established procedures at a ratio of linker to lysine residues of 1:10.25, 31, 171 Two types of samples were prepared on 6 x 12 mm electrospun meshes with protein either incorporated into the bulk solution or added to the surface as a final layer (n = 12 per condition). For bulk composites, 5 wt% IG-coated meshes were immersed in a solution of PEGDA (3.4 kDa, 20 wt%), APS (0.137 wt%), and functionalized gelatin (6 mg/mL) for 30 s. Surface protein composites were prepared by first crosslinking a hydrogel layer on 5 wt% IG-coated meshes with PEGDA (3.4 kDa, 20 wt%), APS (0.137 wt%), then immediately moving composites to a small volume of functionalized gelatin solution (6 mg/mL) with APS (0.137 wt%) for 30 s. All samples were immersed in sterile 10 mM phosphate buffered saline (PBS) supplemented with 1% penicillin/streptomycin after crosslinking. Solutions were exchanged 3x overnight, and samples were exposed to UV sterilization for 30 min during this time. Circular specimens (diameter = 6 mm) were punched from the samples and placed in a 96 well plate. Human umbilical vein endothelial cells (HUVECs) were expanded in HUVEC cell media (Lonza), harvested for use between passage P4-P6, and seeded at 5,000 cells per well in 96 well plates. Cell adhesion was allowed to proceed for 3 h and then specimens were washed 1x with PBS. HUVECs were fixed with 3.7% glutaraldehyde, permeabilized with 0.1% Triton-X, and stained for imaging with rhodamine phalloidin (actin) and SYBR green (DNA). Imaging was conducted with a fluorescence microscope (Nikon Eclipse TE2000-S), and cell adhesion was characterized using ImageJ software (n = 12).170
Statistical Analysis
The data for all measurements are displayed as mean ± standard deviation. An analysis of variation (ANOVA) comparison utilizing Tukey’s multiple comparison test was used to analyze the significance of data among multiple compositions. Linearity of trends established by significantly non-zero slopes was determined utilizing linear regression analysis in GraphPad. Outliers were removed using a ROUT analysis (Q = 0.1%). All tests were carried out at a 95% confidence interval (p < 0.05).   
[bookmark: _Toc108641475]2.3 Results and Discussion 
Developing a method for conformable and bioactive hydrogel coatings would have broad impact in medical device design by providing a means to decouple bulk mechanical durability from surface properties that guide cell interactions. In this study, a technique for applying a conformable bioactive PEGDA hydrogel coating on complex substrates is described. We hypothesized that controlled desorption of a reducing agent from the surface of a substrate could be used to generate hydrogel coatings with growth rates readily controlled with time and concentration. To this end, we characterized fundamental crosslinking features including desorption rates, hydrogel coating thickness, and compositional control of this new conformable hydrogel coating method.  
[bookmark: _Toc108641476]2.3.1 Controlled Desorption of Iron Gluconate from Scaffolds

[bookmark: _Toc108643574]Figure 2.2: Iron gluconate desorption from Bionate® electrospun meshes at an initial adsorption concentration of 1, 3, or 5 wt%. All data represents average ± standard deviation of n = 18.
First, the desorption rate of IG from electrospun polyurethane meshes was characterized. Meshes were coated with varying concentrations of IG by changing the concentration of the IG soak solution (1, 3, or 5 wt%) (Figure 2.2). As expected, the amount of IG that desorbs from the surface increased over time, indicating that the desorption rate can be used to control hydrogel growth kinetics. In addition, the IG concentration desorbing from the surface was also controlled by the initial concentrations of IG on the mesh substrates. After two minutes, the average cumulative release of IG from the meshes was 0.10 ± 0.03 mg, 0.25 ± 0.07 mg, and 0.47 ± 0.10 mg for 1, 3, and 5 wt% coated meshes, respectively. Differences in mass release of IG between 1 and 3 wt% coated meshes were significant at all time points (p < 0.025), and differences between 3 and 5 wt% were signficant at 30 s and later time points (p < 0.005). As Fe2+ is prone to oxidation over time, we utilized the Ferrozine assay which specifically quantifies Fe2+ to validate our results.172-174 We expect that the desorption variance is due primarily to small variations in size and thickness of the mesh samples. For more precise control, substrates machined to high specifity and robotic control of submersion and drying could be employed. These results demonstrate that the adsorption and desorption of IG from electrospun mesh substrates is controllable by time and initial soak concentration. 
We initially selected electrospun meshes for these studies because these materials are useful in a range of tissue engineering applications due to their low cost, versatility, and structural resemblance to features of the extracellular matrix.175 Further, they have a wide range of applications such as vascular grafts, heart valves, and gastrointestinal patches.30, 133, 150, 176 However, medical devices are fabricated from a wide range of polymer materials as well as metals and ceramics.177, 178 To demonstrate that consistent adsorption and desorption of IG is translatable to other substrates, we repeated these experiments on 3D printed scaffolds made of poly(lactic acid)(PLA), polyethylene terephthalate glycol (PETG), and Onyx® filaments (Figure 2.3). PLA, PETG, and Onyx substrates showed consistent desorption of IG over time with significant differences in IG mass desorbed between 10 and 120 s (p < 0.005). In comparison to electrospun mesh substrates, all 3D printed substrates had a higher release of IG at 10 and 20 s (p < 0.001) and a lower overall cumulative release after 120 s (p < 0.001). Differences between 3D printed substrates were not significant. The differences between mesh and 3D printed substrates were attributed to geometric and surface area effects, as variations in polymer chemistry between the 3D printed substrates did not have a significant effect. These results demonstrate the importance of considering substrate geometry and surface area for crosslinking conditions. We expect that if adsorption and desorption of hydrophilic materials were characterized, material chemistry would have a measurable effect. Overall, adsorption of a reducing agent is a simple and straightforward method for physically controlling the concentration of the redox initiating species at the device surface without requiring material compounding or surface functionalization of the substrate. This is a key advancement over previous studies that utilized diffusion-controlled redox initiation of hydrogel coatings.147, 179

[bookmark: _Toc108643575]Figure 2.3: Iron gluconate desorption from PCL, PETG, and Onyx 3D printed scaffolds as compared to release from electrospun Bionate meshes. All data represents averages ± standard deviation (n = 18). 
[bookmark: _Toc108641477]2.3.2 Preparation and Characterization of Tunable Redox Hydrogel Coatings
After achieving consistant adsorption and desorption of IG from our substrates, we proceeded to fabricate hydrogel coatings and characterize the growth kinetics as a function of the IG desorption and diffusion (Figure 2.4). Two molecular weights (PEGDA 3.4 and 6 kDa) were explored, as were two concentrations of PEGDA 3.4 kDa (10 and 20 wt%). Electrospun meshes were coated in 5 wt% IG and immersed in a solution of polymer and APS set at a 1:2 molar ratio to the amount of IG released after 120 s (2.98 x 10-3 M IG,  5.96 x 10-3 M APS) for 10, 30, 60, or 120 s. Hydrogel coatings formed evenly on both sides of electrospun meshes for all compositions and did not delaminate or show large dimensional changes after reaching equilibrium swelling or after drying and re-swelling (Figure 2.4). The thinnest hydrogel coatings fabricated under these conditions were 80 ± 20 µm for PEGDA 3.4 kDa 10wt% compositions at 10 s immersion times, and the thickest composition was 440 ± 56 µm for PEGDA 6 kDa at 120 s (Figure 2.4). Within the same composition (e.g., PEGDA 3.4 kDa 10 wt%), differences in thickness across time were significant across all time points (PEGDA 3.4 kDa 10 wt%: p < 0.0001; PEGDA 3.4 kDa 20 wt%: p < 0.005; PEGDA 6 kDa 10 wt%: p < 0.05, Figure 2.4). These results indicate that hydrogel thickness increased with time in a near-linear process regardless of composition. Thus, adsorption of the IG reducing agent to the substrate is a successful strategy for controlling hydrogel coating growth kinetics.    

[bookmark: _Toc108643576]Figure 2.4: The effect of immersion time, PEGDA molecular weight, and polymer concentration on hydrogel coatings. A) Hydrogel coating thickness increase between 30 and 120 s as visualized with bright field microscopy (PEGDA 3.4 kDa 10 wt%, scale bar represents 500 µm). B) Comparison of PEGDA 3.4 kDa and 6 kDa hydrogel thickness as a function of immersion time with (10 wt%, n = 12). C) Comparison of 10 and 20 wt% polymer concentration on hydrogel thickness as a function of immersion time (PEGDA 3.4 kDa, n = 12). D) Hydrogel mass swelling ratios (Ws/Wd) for PEGDA 3.4 kDa 20 wt% across various immersion times (n = 18). E) Hydrogel swelling ratios averaged across immersion times for PEGDA 6 kDa 10 wt%, PEGDA 3.4 kDa 10 wt%, and PEGDA 3.4 kDa 20 wt% (n = 72). All data represents average ± standard deviation. The * represents significant differences (** corresponds to p < 0.005 and *** corresponds to p < 0.0001) in ANOVA with Tukey’s multiple comparison test.
Each of the compositions tested displayed diffusion-based growth kinetics; however, there were some noted differences between the hydrogel compositions. A small but significant increase in hydrogel thickness was observed for the PEGDA 6 kDa as compared to the lower molecular weight PEGDA 3.4 kDa, with significant differences at all time points (p < 0.05, n = 12) and more pronounced differences at later time points, Figure 2.4. It was hypothesized that this increase in thickness may be due to increased swelling of the PEGDA 6 kDa hydrogel coating due to a lower crosslink density. The equilibrium swelling ratio of PEGDA 6 kDa was 15.7 ± 1.5 as compared to 12.9 ± 2.5 for PEGDA 3.4 kDa (Figure 2.4, p < 0.0001, n = 24). It is well established that swelling ratio increases with PEGDA molecular weight due to an increase in the average distance between crosslinks.27, 180 In contrast, there was only a small increase in thickness with increasing polymer concentration (10 wt% to 20 wt%, 3.4 kDa PEGDA); however, these differences were largely insignificant. Although there was no substantial change in thickness between these compositions, there was a marked decrease in swelling ratio from 12.9 ± 2.5 for the 10 wt% PEGDA to 8.9 ± 1.1 for the 20 wt% PEGDA (p < 0.0001, n = 24). This decrease in swelling ratio with increased polymer concentration is well established in photoinitiated systems with PEGDA and attributed to reduced intramolecular crosslinking.27, 181 This indicates that swelling ratio is not the sole predictor of differences in coating thickness between hydrogel compositions. Current studies are probing the effects of compositional variables and redox concentrations on the resulting network formation and growth kinetics. 
After establishing temporal control of hydrogel coating thickness, we investigated the effect of immersion time and compositional variables on hydrogel coating network properties using gel fraction and equilibrium swelling ratio. Gel fractions were between 57-86% among all compositions and immersion times (Table 2.1). Trends across batched immersion times indicate that gel fractions are the highest for PEGDA 3.4 kDa 10 wt% at 77 ± 6% (n = 24). Swelling ratios were similar across immersion times with no apparent trends in differences across time for all compositions (n = 6, Figure 2.4 and Table 2.1). Swelling ratios are often used as a measure of gel crosslink density, and as such, the maintenance of similar swelling ratios at different thicknesses supports that the gel formation process is relatively unchanged over time.  These findings highlight that this hydrogel coating technique can be used to tune hydrogel thickness while keeping the gel properties relatively constant. More rigorous characterization of network properties including mechanical testing with nano- or micro-indentation methodologies and end group conversion is needed to confirm these findings. 
[bookmark: _Toc108642578]Table 2.1: Swelling ratio, gel fraction, and leachable content of hydrogel compositions (n = 6 per condition, n = 24 per condition average). All measurements represent averages ± standard deviation.  
	Hydrogel Formulation
	Immersion Time (s)
	Swelling Ratio (Q)
	Gel Fraction (%)
	Leachables (mg)

	PEGDA 3.4 kDa 10 wt%
	10
	15 ± 4.2
	75.4 ± 7.00
	0.4 ± 0.08

	PEGDA 3.4 kDa 10 wt%
	30
	14 ± 0.5
	69.9 ± 1.78
	0.7 ± 0.05

	PEGDA 3.4 kDa 10 wt%
	60
	12 ± 1.0
	76.7 ± 2.78
	0.6 ± 0.09

	PEGDA 3.4 kDa 10 wt%
	120
	12 ± 1.5
	81.2 ± 3.22
	0.8 ± 0.10

	PEGDA 3.4 kDa 10 wt%
	Average
	13 ± 2.5
	76.5 ± 5.96
	0.6 ± 0.19

	PEGDA 3.4 kDa 20 wt%
	10
	9 ± 0.3
	83.7 ± 3.04
	0.4 ± 0.08

	PEGDA 3.4 kDa 20 wt%
	30
	9 ± 0.5
	57.0 ± 9.29
	1.6 ± 0.38

	PEGDA 3.4 kDa 20 wt%
	60
	8 ± 0.5
	86.0 ± 1.94
	0.7 ± 0.08

	PEGDA 3.4 kDa 20 wt%
	120
	9 ± 0.4
	65.4 ± 4.40
	2.5 ± 0.42

	PEGDA 3.4 kDa 20 wt%
	Average
	9 ± 1.1
	73.0 ± 13.50
	1.3 ± 0.86

	PEGDA 6 kDa 10 wt%
	10
	15 ± 0.9
	62.5 ± 4.86
	0.6 ± 0.06

	PEGDA 6 kDa 10 wt%
	30
	14 ± 1.2
	95.6 ± 4.46
	0.8 ± 0.14

	PEGDA 6 kDa 10 wt%
	60
	17 ± 1.6
	69.3 ± 14.92
	1.0 ± 0.69

	PEGDA 6 kDa 10 wt%
	120
	16 ± 0.9
	75.61 ± 1.86
	1.0 ± 0.05

	PEGDA 6 kDa 10 wt%
	Average
	16 ± 1.5
	68.7 ± 9.04
	0.8 ± 0.38


The desired thickness and stiffness of hydrogel coatings is specific to the application based on desired cellular interactions; thus, independent control over these factors is highly desirable for translation to multiple applications.182 For photoinitiated hydrogel coatings, thickness is controlled by the mold used and quite limited in available thicknesses and geometries. In this technique, small adjustments to the immersion time provided fine control over hydrogel thickness without affecting gel fraction or equilibrium swelling. The conditions selected here resulted in hydrogel thicknesses from 80 ± 20 µm to 440 ± 56 µm. It is expected that increased thickness could be achieved by increasing time. Similarly, thicknesses less than 100 microns may be achieved by first reducing the adsorbed IG concentration and then iterating with shorter immersion times. In 2018, Ma et al. developed a hydrogel coating technique based on the leaching of Fe2+ out of 3D printed substrates into a solution of APS and monomer (acrylamide, N-isopropylacrylamide, and 2-hydroxyethyl methacrylate).147 In their work, hydrogel coatings of thicknesses ranging from 20 µm to 1.4 mm were demonstrated. They utilized the pH dependence of the reduction of sulfate anions to tune hydrogel thickness with pH. Additionally, Ma and coworkers investigated the effect of the IG wt% on hydrogel thickness and found that lower concentrations lead to thinner coatings. Based on their work and the similar mechanism of the work presented here, we believe the crosslinking platform described here could be additionally tuned with pH and IG concentration. 
[bookmark: _Toc108641478]2.3.3 Coating Conformability
In order to demonstrate the versatility of this diffusion-mediated redox hydrogel coating method, we fabricated hydrogel coatings on geometries and scales relevant to various medical devices. Specifically, this investigation focused on coating small-caliber, electrospun vascular grafts (4 mm wide, 1 cm long) and 3D printed stents (2 cm wide, 4 cm long, Durable Resin®). Both materials were coated with IG as described previously with the flat mesh substrates (5 wt% IG, PEGDA 3.4 kDa 10 wt%) with the exception of the immersion chamber. Hydrogel coatings successfully formed on the surfaces of both the tube and stent (Figure 2.5). The ability to tune hydrogel thickness based on time enabled thin coatings on the tubular materials without occlusion. The hydrogel coating on the 3D printed stent formed only at the point of immersion, marked by the black dotted line in Figure 2.5. Hydrogel thickness on 3D printed objects is expected to be time dependent similar to the electrospun meshes given that IG release from a range of 3D printed materials demonstrated similar release profiles. For both tube and stent, hydrogel coatings were formed evenly without bumps or cohesive failure after drying and swelling. The cohesive properties of the hydrogel coating are based on interdigitation with and encirclement of the coated substrate. Nanoporous meshes provide numerous sites for interdigitation (Figure 2.5) and coatings of 3D printed materials are maintained via encirclement (Figure 2.5). In order to coat flat, non-porous substrates, pre-treatment of the substrate to generate acrylate-reactive sites would likely be needed to enable coating with this methodology. These results demonstrate that IG desorption can be used to generate diffusion-controlled hydrogel coatings on multiple material chemistries and geometries.  

[bookmark: _Toc108643577]Figure 2.5: Hydrogel coatings on various construct geometries. A) Tubular electrospun mesh. B) 3D printed stent. Dotted line indicates immersed region. Scale bar = 2 mm.
Medical devices range widely in size from less than a millimeter to a few centimeters. Small and large-scale coatings can be fabricated with photo-initiation strategies but are limited by the necessity of correspondingly small or large-scale transparent molds. Our lab has previously developed hydrogel coated electrospun tubes for application as small diameter vascular grafts for coronary artery disease.30 We utilized a molding and UV crosslinking strategy to form hydrogel coatings and found that it was difficult to consistently form thin coatings that evenly covered the entirety of the tubes. This redox-based crosslinking technique enables even, thin coatings previously difficult to access, allowing for the fabrication of small diameter vascular grafts that do not risk exposure of the underlying substrate. Many other medical devices like heart valves and stents also have complex shapes that would be difficult to coat with hydrogels using traditional molding-based techniques. The principles of diffusion-controlled redox initiation to control the hydrogel coating growth kinetics from the device surface opens the door for a wide-range of applications in device design.
[bookmark: _Toc108641479]2.3.4 Hydrogel Multilayers  
We next hypothesized that this process could be adapted to fabricate multilayer hydrogel coatings. When fabricating single-layered hydrogel coatings, radicals are quenched post-crosslinking by soaking composites in water. We hypothesized that multilayer structures could be formed by subsequent immersion in a second polymer solution with APS. This is enabled by continued diffusion of IG retained on the mesh and in the initial hydrogel layer that initiates crosslinking of a second hydrogel layer. As proof of concept, PEGDA 3.4 kDa 10 wt% coatings were immersed in a second solution of PEGDA 3.4 kDa 10 wt% containing either FITC-Dextran 20 kDa or silver nanoparticles for visualization (Figure 2.6). The first layer crosslinked as normal and multiple layers clearly formed as visualized with bright field and fluorescence microscopy (Figure 2.6). The formation of multiple hydrogel layers indicates that IG can diffuse through the first crosslinked network in sufficient amounts for crosslinking to occur. The second hydrogel layer demonstrated different growth times in hydrogel thickness, but the thickness of the second layer can be tuned similarly with time as the first layer. Future studies will investigate the growth kinetics of these subsequent layers in more detail. The clear line between layers visible by the encapsulation of FITC-dextran in Figure 2.6 indicates that there is distinct layer separation. The lack of fluorescence in the first layer indicates that there was limited diffusion of the second hydrogel solution into the first hydrogel layer.

[bookmark: _Toc108643578]Figure 2.6: Fabrication of multilayered hydrogel coatings. A) Hydrogel multilayers form by transferring hydrogel-coated substrates directly into a second macromer and initiator solution, foregoing a washing step to remove radicals. B) Multilayered hydrogel coating visualized by entrapping silver nanoparticles or C) FITC-dextran 2,000 kDa. Scale bar = 100 µm.
Hydrogel coatings can tune both surface chemistry and surface stiffness of underlying substrates to mimic complex cellular microenvironments. The ability to form multilayered hydrogel substrates lends more complexity to substrate modulation, enabling spatial regulation of cellular interactions.165 Hydrogel multilayers have been utilized in drug delivery as controlled release applications183-186 as well as directly with cells in applications such as pancreatic islet encapsulation.187 The ability to generate multilayers with a conformable crosslinking technique enables a wide range of hydrogel functionalities and increases the potential impact of this approach. 
[bookmark: _Toc108641480]2.3.5 Bioactive Hydrogel Coatings
In order to demonstrate that diffusion-mediated redox initiation could be used to fabricate hydrogel coatings for biomedical application, an initial cytocompatibility assay of potential leachable components was performed. We found that neither the uncoated nor coated material had any negative effect on HUVEC viability via an indirect assessment of extractables cytotoxicity (Figure 2.7).

[bookmark: _Toc108643579]Figure 2.7: A) Cytocompatibility assay (LIVE/DEAD) of extractables from uncoated and hydrogel coated meshes using a transwell indirect setup in comparison to a positive live control (TCPS) and negative dead control (ethanol fixed TCPS). Images of stained HUVECs after 24 hours of indirect exposure to B) hydrogel coated meshes and C) uncoated meshes, D) TCPS positive control and E) ethanol-fixed negative control. Scale bar = 250 µm. 
We then investigated the incorporation of bioactive proteins to establish the utility of this method to generate bioactive coatings and confirmed bioactivity with cell attachment studies. Initially, acrylate-functionalized gelatin was incorporated into the polymer (PEGDA 3.4 kDa, 20 wt%) and APS solution prior to diffusion-mediated crosslinking to form “bulk” bioactive coatings (Figure 2.8). HUVEC adhesion was characterized over four hours on bulk specimens in comparison to hydrogel coatings without incorporated protein (“blank”). Cell adhesion was observed at a density of 83 ± 30 cells per mm2 of culture area for bulk coatings (Figure 2.8), significantly higher than cell adhesion on blank coatings at 16 ± 15 cells per mm2 (n = 12, p < 0.0001). Although this finding indicates that this approach is amenable to conferring bioactivity to the hydrogel coating, adding protein into the bulk crosslinking solution requires a large amount of protein—in our studies, almost two milligrams per sample. For expensive designer proteins, this poses a significant production cost. Further, only proteins incorporated close to the surface of the hydrogel will be able to interact with cells, meaning most of the protein within the bulk of the hydrogel is unavailable for the desired cell interactions and unnecessary (Figure 2.8). In order to improve the efficacy of the proteins used, functionalized proteins were next incorporated at the surface of composites instead of in the bulk (Figure 2.8) by using the multilayer crosslinking method to react proteins specifically at the surface of hydrogel coatings. This method limits the total amount of protein needed by a factor of five. HUVEC adhesion on surface-functionalized bioactive coatings was 80 ± 20 cells per mm2 (Figure 2.8), significantly different from blank specimens (n = 12, p < 0.0001), indicating bioactivity can successfully be incorporated in this manner. There were no significant differences in cell attachment between bulk and surface crosslinking methods despite less overall protein used. Bioactive proteins can therefore be incorporated into diffusion-mediated redox hydrogel coatings either in bulk solution or at the surface with similar results.

[bookmark: _Toc108643580]Figure 2.8: Cell adhesion with bulk vs. surface protein incorporation and representative HUVEC adhesion images (green = SYBR green, red = rhodamine phalloidin, scale bar = 250 µm). A) Bulk incorporation and B) HUVEC adhesion. C) Surface incorporation and D) HUVEC adhesion.
[bookmark: _Toc108641481]2.4 Conclusion
Hydrogel coatings offer unique opportunities to introduce biofunctionality to medical devices with minimal effect on bulk properties; however, it remains challenging to uniformly apply hydrogel coatings without substantially changing the material compounding or manufacturing process. The studies presented here demonstrate a new redox-based crosslinking methodology that enables the formation of conformable and bioactive hydrogel coatings with tunable thickness and chemistry. Adsorption of the redox reagent IG was successfully applied to multiple surfaces and geometries without changing the underlying material chemistry or fabrication process. This is a key advance over previous diffusion-based redox crosslinking systems that relied on material compounding or were restricted to hydrogel-based systems. Hydrogel coating thickness was then readily controlled by immersion time with desorption and diffusion of the reducing agent initiating hydrogel crosslinking from the surface. We also demonstrated that this method could be extended to generate hydrogel multilayer coatings and incorporation of bioactivity at the surface of hydrogel coatings. Overall, this work provides a versatile method for assembling bioactive coatings with a simple post-fabrication process that is amenable to diverse geometric substrates and chemistries.
[bookmark: _Toc108641482]
Chapter III:  Tough Hydrogel Fabrication and Fundamental Characterization
[bookmark: _Toc108641483]3.1 Introduction
[bookmark: _Hlk100569059]Upon the development of a crosslinking platform that enabled conformable and tunable hydrogel coatings, we moved on to consider the mechanical properties of bulk PEG-based hydrogels. Our lab has previously established the incorporation of integrin-targeting bioactive cues into PEG-based hydrogel networks that enable rapid endothelialization for the design of small diameter vascular grafts.25, 26, 30, 31 Initial evaluation in porcine studies of these materials revealed surgical damage to this hydrogel coating. Suturing of the hydrogel caused particulates to be dislodged, resulting in embolism. Damage to the hydrogel layer exposed the underlying mesh and caused thrombosis. These failure mechanisms must be addressed before application to multilayered small diameter vascular grafts can be attempted. 
	Researchers have utilized network design to address the poor mechanical properties of conventional hydrogels that lead to failure with a focus on increasing extensibility and fracture-resistance.39, 45, 188 Approaches fall into four main categories: secondary interactions (ionic97, 99, 100, coordination complexes189-191, hydrogen bonds55, 56, 98, 103-106, 108, 109, 192-197, hydrophobic domains114-117), homogenization61, 198, high functionality crosslinks44, 52-54, 199, 200, and interpenetrating networks (IPN)58, 123, 124, 201-205 including double networks.4, 59, 119, 120, 206, 207 Much of this research has focused on expanding available hydrogel chemistries87, 88, 90, 208-210 and development of fundamental soft material mechanics.38, 47, 50, 57, 211, 212 Recently, researchers have begun to focus on biomedical applications of these materials.86, 94, 95, 122, 213, 214 Cardiovascular device design requires additional consideration of factors such as antifouling properties, hemocompatibility, biostability, and favorable cell-material interactions.125 We previously demonstrated that introduction of sacrificial hydrogen bonds could be used to reduce suture damage and resultant particle generation. Copolymerization of N-vinyl pyrrolidone during single network hydrogel fabrication increased fracture energy and correlated with suture damage resistance.8 This composition maintained requisite material properties for cardiovascular application including thromboresistance and endothelial cell adhesion and spreading. Although this eliminated one mode of hydrogel failure, it did not address hydrogel fracture due to stretching and surgical handling of the graft during implantation. To address suture, stretching, and surgical handling damage, new approaches to design durable hydrogels must be undertaken.  
To best define new approaches in the design of durable hydrogels, it is important to carefully assess baseline properties. Just as suture damage resistance was correlated with fracture energy, so too must torquing damage resistance be correlated with a fundamental mechanical property to best design resistance to this damage mechanism. Towards this end, resistance to torquing damage for a range of single network PEGDA hydrogels must be investigated alongside their mechanical properties. Upon determination of the properties that best mitigate this damage mechanism, new approaches that target improvement of these properties and maintenance of other requisite properties can be explored. As described, there are many approaches that can be undertaken to improve hydrogel network properties. In this investigation, three were explored. Namely, homogenization, secondary interactions, and interpenetrating networks. Each approach will be explained in the following sections.  
[bookmark: _Toc108641484]3.1.1 Homogenization 
Prior to network characterization, it was hypothesized that resistance to twisting/torqueing from surgical handling could be approximated as a stretching deformation. Hydrogel failure under extension is thought to be the result of stress concentration on weak portions of the network.60, 215 Weak portions of the network are attributed to network heterogeneity, and PEGDA networks are known to be highly heterogeneous due to the relatively uncontrolled addition polymerization of the kinetic chain during radical initiation.60, 69 Network homogenization approaches rely on the concept that improving the uniformity of stress distribution through the hydrogel enables more robust mechanical properties. Towards this end, it was hypothesized that decreasing network heterogeneity could improve resistance to damage under extension. 
A previous study by Tibbitt et al. claimed shifting from free radical polymerization to step-growth polymerization improved ultimate elongations of a PEG-based system.60 However, their study matched networks based on swelling ratio and macromer molecular weight, failing to demonstrate similar distance between crosslinking points. Modeling studies conducted by Lutolf et al. demonstrated step growth hydrogels have higher conversions than chain growth hydrogels.72 Existing studies comparing chain and step growth hydrogels do not effectively compare networks with similar chain lengths between crosslinking points. The newly derived equilibrium swelling equation developed by Richbourg et al. enables such comparison through estimation of molecular weight between crosslinks via volumetric swelling characterization.40 In collaboration with Richbourg et al., we recently characterized the effective molecular weight between crosslinks for PEGDA hydrogels at a range of molecular weights and concentrations via volumetric swelling analysis.43 Through this type of characterization, effective comparisons between PEGDA networks and homogenized PEG-based networks can be made.  
Due to the high conversions of step-growth hydrogels and reported improved ultimate elongation of these networks, it was hypothesized that homogeneity could have a favorable effect on ultimate elongations without sacrificing modulus. Further, we hypothesized shifting to a step-growth hydrogel system could provide fundamental understanding into the nature of ultimate elongation and modulus in PEG-based systems. TetraPEG hydrogels have long been established as PEG-based networks with low degrees of inhomogeneity through many studies conducted with fundamental swelling analysis combined with X-ray scattering techniques.61, 73, 74, 76-78, 82, 83, 216, 217 To understand the impact of network homogenization on mechanical properties, an approach comparing PEGDA networks to TetraPEG networks was undertaken. 
[bookmark: _Toc108641485]3.1.2 Secondary Interactions: Hydrogen Bonding
Durable hydrogels have be achieved by adding strengthening secondary interactions throughout the hydrogel network to dissipate energy.95, 208 Secondary interactions act as sacrificial bonds. Hydrogel network failure occurs when weak portions of the concentrate stress. When sacrificial bonds are present, energy from network deformation can be dissipated by cleavage of these sacrificial bonds instead of concentrated on weak portions of the gel, resulting in failure. Further, some sacrificial bonds can be reformed over characteristic timescales to give recoverable mechanical properties.98, 108 Although many types of secondary interactions are possible, this work focused specifically on hydrogen bonding interactions. Hydrogen bonds are prevalent in the body, and biomaterials implementing hydrogen bonding interactions have shown favorable interactions in vivo.107, 117
Hydrogels crosslinked exclusively with strong hydrogen interactions have demonstrated self-healing capabilities, high strength, and increased elongation.103, 106, 195, 218 Other approaches in the literature incorporate hydrogen bonding motifs in macromer backbones104, 219 or copolymerize small molecule hydrogel bonding groups with other polymers or monomers.8, 220 In terms of backbone hydrogen bonding, Cui and coworkers established a supramolecular PEG macromer with urea motifs that achieved ultimate elongations 770% and strength at break of 4 MPa implementing.104 For small molecule incorporation, Zhang and coworkers demonstrated a PEGDA hydrogel copolymerized with the modified amino acid N-acryloyl glycinamide (NAGA).220 This network showed a stretch ratio of 8.9 and high recoverability. Single network pNAGA hydrogels have shown great promise due to the stability of this molecule’s dual amide hydrogen bonds.208, 218 When hydrogen bonding groups are present in the macromer and incorporated as small molecules, hydrogen bonding between the macromer and small molecules can have a cooperative effect.103 
Due to the promising ability to dissipate high degrees of mechanical energy dissipation with the cleavage of sacrificial hydrogen bonds, it was hypothesized that incorporation of hydrogen bonding interactions in a PEG-based network would have significant effects on modulus and damage resistance. To understand how hydrogen bonding could improve mechanical properties for the goals of this work, studies were undertaken first to incorporate hydrogen bonding interactions in a PEG-based macromer backbone and second to incorporate NAGA groups into a PEG-based network via copolymerization. 
[bookmark: _Toc108641486]3.1.3 Interpenetrating Networks 
IPN network approaches to hydrogel design provide opportunities to simultaneously increase hydrogel stiffness and network extensibility to a greater extent than is possible with single networks. In an IPN network design, two hydrogel networks are combined with complementary mechanical properties. Often, these two networks are comprised of a “brittle” network and a “stretchy” network. The brittle network provides mechanical strength, and the stretchy network provides mechanical energy dissipation. Use of a covalent first network and a second network primarily consisting of sacrificial interactions provides the ability to have high elongations and retain high modulus values. As opposed to copolymerization, combination of two separate networks facilitates increased versatility and cooperativity through better retention of structure/property relationships of the individual networks. Importantly, despite the high concentrations of polymer in IPN networks, high water contents can be retained.124
Previous work has established the efficacy of an IPN approach for PEG-based networks.58, 123, 204, 205 Yang and coworkers were able to achieve a two-fold increase in ultimate elongation and a four-fold increase in tensile modulus in functionalized PEG-based IPN hydrogels.221 The Hahn lab demonstrated collagen-PEG diacrylate IPN networks with moduli greater than either network alone that additionally limited platelet adhesion and supported cell spreading.123 The work of these previous authors implemented 2 and 8 kDa and 3.4, 6, and 10 kDa PEG molecular weights, respectively, demonstrating a strong degree of control over tuning of elongations and modulus. Prior art offers great promise for the ability to improve modulus of high molecular weight PEG networks. 
IPN networks enable improvement of hydrogel mechanical properties in ways unachievable by other approaches. It was hypothesized that high ultimate elongations and requisite moduli could be achieved by implementing an IPN approach that combined the benefits of high molecular weight PEG-based macromers with those of pNAGA networks. To this end, we characterized IPNs with a range of compositions to understand their effect on mechanical properties and damage resistance.
[bookmark: _Toc108641487]3.1.4 Summary
In this work, a range of approaches to design tough hydrogels was explored. In each investigation, mechanical properties and resistance to damage were characterized. In the first investigation, higher molecular weight PEGDA networks were compared to networks previously used in our lab. Next, an approach towards improving network homogeneity of PEG-based hydrogels was undertaken. Then, a synthetic approach to the design of a biostable PEG with hydrogen bonding domains at multiple molecular weights was explored. In the following studies, incorporation of a small molecule bidentate hydrogen bonding group N-acryloyl glycinamide (NAGA) into single network hydrogels was investigated. Finally, incorporation of pNAGA second networks into PEGDA and PEUDAm first network hydrogels was explored, and the mechanical properties of the resultant IPNs at multiple second network compositions were determined. Collectively, these studies demonstrate the work undertaken to establish a new PEG-based hydrogel network design that is stiff, damage resistant, and compatible with a coating methodology. PEG-based hydrogels are utilized in a range of biomedical devices and other applications, and we hope these studies will contribute to improve the utility in many of these applications. 
[bookmark: _Toc108641488]3.2 Materials and Methods
Materials
	Reagents were purchased from Sigma-Aldrich and used without further purification unless otherwise noted. 
Synthesis of PEGDA
Poly(ethylene glycol) diacrylate (PEGDA) was synthesized as described by Browning et al. with minor modifications.30 Briefly, triethylamine (2 equiv.) was added dropwise to a solution of PEG (3.4 kDa or 10 kDa, 0.1 mmol/mL; 20 kDa, 15wt%; 1 equiv.) in anhydrous dichloromethane under nitrogen atmosphere. Acryloyl chloride (4 equiv.) was added dropwise (1 drop every 4-5 s), and the reaction was stirred for 24 h. For fabrication of PEGDA 20 kDa, the reaction was allowed to stir for 48 h with additional acryloyl chloride (2 mole equivalents) added dropwise after 24 h. The reaction was then washed with potassium bicarbonate (8 equiv.) and dried with anhydrous sodium sulfate. PEGDA was precipitated in cold diethyl ether, filtered, and dried at room temperature overnight followed by vacuum drying. The degree of acrylation of the product was determined using proton nuclear magnetic resonance (1H NMR) spectroscopy. Spectra were recorded on a Varian MR-400 400 MHz spectrometer and analyzed using a TMS/solvent signal as an internal reference. Polymers with percentage conversions of hydroxyl to acrylate end groups over 80% were used in this work. 1H-NMR (CDCl3): 3.6 ppm (m, –OCH2CH2–), 4.3 ppm (t, –CH2OCO–), 6.1 ppm (dd, –CH=CH2), 5.8 and 6.4 ppm (dd, –CH=CH2).
Synthesis of PEG-CDI
Carbodiimidizole (Alfa Aeser, 15 equiv.) was weighed in a dry, 500 mL round bottom flask and dissolved in minimal DCM (anhydrous, ~10 mL). Poly(ethylene)glycol (Mn = 17600, 1 equiv.) was dissolved in anhydrous DCM (15 wt%) and degassed with nitrogen atmosphere. The PEG mixture was added dropwise to CDI over 2 hours at 30-35°C, then stirred vigorously overnight at room temperature. The reaction was worked up with deionized water and the organic phase was washed three times. The product was dried with sodium sulfate and vacuum filtered. Solvent was removed under vacuum, and the product was melted 65°C under vacuum for 1 hour to remove any trace of water.  H1 NMR (CDCl3): PEG-CDI: δ = 8.12 (s, 2H, -N-CH-N-), 7.40 (s, 2H, -N-CH=CH), 7.02 (s, 2H, -CH=CH-N), 4.51 (m, 4H, -O-CH2-CH2-), 3.70 (m, 1720H, -O-CH2-CH2-). 
Synthesis of PEG-EDA
PEG-CDI (1 equiv.) was dissolved in anhydrous DCM (15 wt%) in a dry round bottom flask. Ethylenediamine (15 equiv.) was added to a dry 500 mL round bottom flask under nitrogen atmosphere and diluted with minimal DCM (5-10 mL). PEG-CDI was added dropwise to ethylenediamine at RT over 3 hours (1 drop per 1-3 seconds) under nitrogen atmosphere, and the mixture was stirred overnight. The product was washed with deionized water three times in a separatory flask, dried with sodium sulfate, and collected via vacuum filtration. The reaction was precipitated in 10x volume of ice-cold ether and collected via vacuum filtration. The product was dried under vacuum at 65°C for 3 hrs to remove all traces of residual solvent and water. H1 NMR (CDCl3): δ = 4.18 (t, 4H, -O-CH2-CH2-), 3.60 (m, 1720H, -O-CH2-CH2-), 3.19 (m, 4H, -CH2-CH2-NH), 2.78 (m, 4H, -NH2-CH2-CH2-), 3.70 (m, 1720H, -O-CH2-CH2-).
Synthesis of PEUDAm 
PEG-EDA (1 equiv.) was weighed in a dried 500 mL 3-neck round bottom flask and dissolved in anhydrous DCM at 15 wt% under nitrogen. Triethylamine (2 equiv.) was added dropwise. Acryloyl chloride was diluted in DCM (~4 mL) and added dropwise (1 drop per 4-5 s). The reaction was allowed to proceed for 24 h at RT, then an additional 2 equiv. of acryloyl chloride was added dropwise. The reaction was continued for another 24 h at RT, then quenched with potassium carbonate (2 M, 8 equiv.) The product was washed with water two times, dried with sodium sulfate, and collected via vacuum filtration. Precipitation was run in ice-cold diethyl ether and collected via vacuum filtration. The final product was dried at atmospheric pressure overnight, then briefly under vacuum. H1 NMR (CDCl3): δ = 6.94 (broad s, 2H, -C-NH-CH2-), 6.28 (dd, 2H, H2C=CH-C-), 6.17 (m, 2H, H2C=CH-C-), 5.85 (broad s, 2H, -C-NH-CH2-), 5.61 (dd, 2H, H2C=CH-C-), 4.20 (m, 4H, -H2C-CH2-O-), 3.65 (m, 1720H, -O-CH2-CH2-), 3.34 (m, 4H, -CH2-CH2-NH-).
Gel Phase Chromatography
Molecular weight distributions PEG-based macromers were characterized via gel phase chromatography (Agilent Technologies 1260 Infinity II GPC system). Samples were dissolved at 5 mg/mL in dimethylformamide supplemented with 0.1 M lithium bromide and syringe filtered. Injections (100 µL) were passed through 2 Phenogel columns with molecular weight ranges of 1–75 kDa at a flowrate of 1.0 mL/min and temperature of 25°C. Separated samples were passed through an AgilentMulti Detector system (RI, RALS, LALS, UV) at 30°C, and the molecular weight distribution was determined using the Agilent GPC/SEC software with the RI signal. Molecular weight was reported relative to polyethylene glycol standards. 


Bulk Single Network Hydrogel Fabrication
For photopolymerized hydrogels, polymer solutions were prepared by dissolving PEGDA or PEUDAm (3.4, 10, or 20 kDa) in deionized water at a concentration of 10, 15, or 20 wt%/vol. Irgacure 2959 (10wt% solution in 70% ethanol) was added at a final concentration of 0.1 wt%. Monomer solutions were prepared by dissolving N-acryloyl glycinamide (NAGA; BDL Pharma) in deionized water at a concentration of 20 wt%/vol. Irgacure 2959 was added at a final concentration of 0.1 wt% and bisacrylamide was added at 0.1mol% relative to NAGA. Bulk hydrogels were fabricated by placing precursor solutions between 1.5 mm spaced glass plates and curing on a UV transilluminator (UVP, 25 watt, 365 nm). PEGDA and PEUDAm hydrogels were cured for 6 minutes on both sides. pNAGA hydrogels were cured for 20 minutes on both sides.
For step-growth hydrogels, polymer solutions were prepared by dissolving 4-arm PEG Amine (20 or 40 kDa) in phosphate buffer (50 mM) and 4-arm PEG Succinimidyl Glutarate (20 or 40 kDa) in phosphate citric acid buffer (75 mM) at 10 wt% (JenKem Technology). Solutions were purged with nitrogen then combined, vortexed for 10s, then pipetted between 1.5 mm spaced glass plates. Crosslinking chambers were sealed with parafilm and purged with nitrogen. Hydrogels were allowed to crosslink for at least 12 hours at room temperature.
Interpenetrating Network Hydrogel Fabrication
IPN hydrogels were fabricated via a sequential IPN method. First network hydrogels were prepared identically as above with PEGDA or 10 wt% PEUDAm 20 kDa macromer solutions. Hydrogels were swollen to remove residual polymer, then dried at ambient pressure overnight. Dried hydrogels were placed in a vial with a solution of NAGA (10, 15, or 20 wt/vol%), bis-acrylamide (0.1 mol% relative to NAGA), and Irgacure 2959 (2 wt%). Soaking solutions were rotated overnight at 0°C and protected from light. IPNs were formed by placing monomer-swollen hydrogels between glass spacer plates set to the swollen thickness and curing on a UV transilluminator for 12 minutes on both sides.  
Hydrogel Characterization
Sol fractions and gravimetric swelling ratios and were determined for each hydrogel composition (n = 12). Circular hydrogel specimens (D = 8 mm) were dried under vacuum immediately after fabrication and weighed (Wi). Specimens were weighed after swelling in deionized water for 24 h (Ws), and then weighed again after drying under vacuum for 24 h to assess dry polymer mass (Wd). The sol fraction was calculated as (Wi-Wd)/Wi. The equilibrium volumetric swelling ratio, Q, was calculated from the equilibrium mass swelling ratio: Ws/Wd. 
Volumetric swelling ratios were determined for TetraPEG hydrogels relative to PEGDA hydrogels (n = 12) according to the methods described in Richbourg et. al.43 Briefly, samples were measured immediately after fabrication, after swelling to equilibrium in DI water, and after drying via vacuum. Measurements were conducted both in air and suspended in heptane (density = 0.6928 g/cm3) in a 3D-printed density kit.  Swollen polymer volume fractions were calculated according to the described methods, and the effective molecular weight between crosslinks (Mc) was determined according to the equilibrium swelling equation (Eq. 1). For both TetraPEG and PEGDA parameters were approximated as:  = 0.426, p = 1.18 g/mL,   = 0.1, and V1 = 18 mL/mol as described in Richbourg et al.43 Functionality was set to f =  for PEGDA, based on previous literature,42, 43 and f = 4 for TetraPEG, based on the crosslinking scheme of the networks. 

Biostability Assessment
Biostability was characterized via two month accelerated hydrolytic degradation. PEUDAm, PEGDA, and PEG-diaacrylamide 3.4 kDa hydrogels were fabricated via photopolymerization as described above. Initial swelling ratios were measured in water as a baseline. Hydrogels were placed in 50 mM NaOH at 7°C for 2 weeks, and the swelling ratio was measured every day for one week, and again at a 2-week and 2-month time point. Changes in swelling ratio were calculated as the swelling ratio of hydrogels on the given day over the initial swelling ratio. 
Hydrogel Mechanical Testing
Mechanical testing was performed to determine the effect of compositional variables on tensile and fracture properties of the hydrogels. Hydrogels of each composition were fabricated as described above and tested at equilibrium swelling conditions. 
Tensile testing was performed on dog-bone shaped hydrogels for all compositions. Bulk hydrogels were cut to dog-bone shapes using a custom 3D printed device as described by Nelson and coworkers.222 Thickness ranged from 0.12–0.17 mm due to variations in hydrogel swelling among molecular weights. Testing was performed using a Dynamic Mechanical Analyzer (TA Instruments). Hydrogel specimens (n=4-12) were strained to fracture at a rate of 0.1 mm/sec. Only the specimens that fractured in the gauge length and not at the grips were used for analysis. Specimen ultimate elongation, ultimate tensile strength, and modulus between 5-15% strain were calculated. 
Fracture energy was characterized using a single edge notch mechanical test. Hydrogel specimens were fabricated at a geometry of 30 mm long, 10 mm wide, and 1.2-1.5 mm thick. A 5 mm long notch was cut halfway along the length of the gel with a razorblade. Hydrogels were loaded into tensile grips (RSAIII DMA) using sandpaper to prevent slipping. Hydrogels were extended in tension at 1 mm/s until the crack had propagated to failure. Fracture toughness was determined as the area of force to fracture (F) over the length of fracture (d). Fracture energy was determined by dividing fracture toughness by the thickness (t) of the hydrogel times the length (Lbulk) of the gel to be fractured, (1/t*Lbulk)∫Fd∆.
Suture Damage
[bookmark: _Hlk105856755]Suture-induced damage was determined as described previously by Post et al.8 Briefly, suture damage was characterized by counting the number of particulates dislodged during the pass of a suture needle and thread through a sample. Bulk hydrogels and coatings were fabricated as described above and soaked in deionized water overnight. A 7-0 suture (Ethicon) was passed through the hydrogel (n=9). Dislodged hydrogel particles were visualized and counted under a stereoscope (Olympus SZ61). 
Torqueing Damage
Torqueing-induced damage of hydrogel composites was characterized for IPN hydrogel coatings as compared to PEGDA photopolymerized hydrogel coatings (n=3). Large composites (20 x 20 mm, 0.5 mm hydrogel thickness) were folded, gripped in the center region tightly with forceps, and twisted 180°. Damage to the inner hydrogel coating of the composite was visualized under a stereoscope (Olympus SZ61).    
Statistical Analysis
The data for all measurements are displayed as mean ± standard deviation. An analysis of variation (ANOVA) comparison utilizing Tukey’s multiple comparison test was used to analyze the significance of data among multiple compositions. Where a mismatch in number of replicates occurred, a mixed effects model was used to fit the data instead of repeated measures ANOVA. All tests were carried out at a 95% confidence interval (p < 0.05).   
[bookmark: _Toc108641489]3.3 Results and Discussion
Historically, hydrogels have had limited potential for biomedical translation due to the brittle mechanical properties of conventional hydrogels. In this work, the development of durable PEG-based hydrogel networks is described. We explored multiple hypotheses in this investigation, considering the effects of molecular weight, homogeneity, and secondary interactions on hydrogel durability. To accomplish this, we characterized the mechanical properties and damage resistance of varying network approaches. 
[bookmark: _Toc108641490]3.3.1 Impact of Molecular Weight on PEGDA Hydrogel Mechanical Properties 
	The mechanical properties of bulk PEGDA hydrogels at 3.4, 10, and 20 kDa were investigated, and the resistance of hydrogel coatings of these compositions to torquing damage was characterized (Figure 3.1). Of the three molecular weights, PEGDA 20 kDa coatings were the most resistant to damage from forceps gripping and twisting (Figure 3.1A). Analysis of tensile properties revealed PEGDA 20 kDa networks had significantly higher ultimate elongations than PEGDA 3.4 and 10 kDa networks (p < 0.0001, n =12, Figure 3.1B). PEGDA 20 kDa networks had lower ultimate tensile strengths than 3.4 and 10 kDa networks (p < 0.0001, n = 12), and there were no significant differences between the groups in terms of fracture energy. From these results, it was concluded that ultimate elongations were best correlated with handling damage resistance. 

[bookmark: _Toc108643581]Figure 3.1: Damage resistance and tensile properties of PEGDA hydrogels at multiple molecular weights. A) Representative images of torqueing damage of PEGDA hydrogel coatings. Effect of hydrogel molecular weight on B) ultimate elongation, C) ultimate tensile strength, and D) fracture energy. All mechanical characterization comparisons represent an n = 12. The ** represents p < 0.01 and the **** represents p < 0.0001. 

After determining the mechanical properties best aligned with resistance to handling damage and identifying PEGDA 20 kDa networks as the most damage resistant composition, we moved on to determine the utility of PEGDA 20 kDa networks for our application. As previously noted, PEGDA 3.4 kDa networks promote endothelial cell adhesion, spreading, and migration due to their favorable moduli.25 Tensile moduli correspond with increased crosslinking density, also visible in swelling ratio studies. To determine the ability of PEGDA 20 kDa hydrogels to achieve favorable endothelial cell interactions, the swelling ratios and tensile moduli of PEGDA 3.4, 10, and 20 kDa were compared (Figure 3.2). Swelling ratios and moduli of PEGDA 20 kDa were significantly different from those of PEGDA 3.4 kDa, with higher swelling ratios and lower moduli (p < 0.0001, n = 12). 

[bookmark: _Toc108643582]Figure 3.2: Swelling ratio and tensile modulus of PEGDA networks at multiple molecular weights A) Effect of molecular weight on swelling ratio and B) tensile modulus. All mechanical characterization comparisons represent an n = 12. All comparisons are significant at p < 0.0001.  
Initial analysis of PEGDA hydrogel networks revealed the mechanical properties correlated with handling damage resistance (high ultimate elongation) to be incompatible with the mechanical properties correlated with desirable endothelial cell interactions (modulus close to PEGDA 3.4 kDa). PEGDA 20 kDa networks had high ultimate elongations and corollary low moduli. Conversely, PEGDA 3.4 kDa networks are brittle. Increasing the fracture energy of these networks to eliminate suture damage resistance did not change their brittle nature under twisting deformation.8 PEGDA 3.4 kDa networks have high crosslinking densities and relatively short chain lengths between crosslinks as compared to higher molecular weights. This property of the PEGDA networks is directly correlated with low ultimate elongations. To continue our investigation towards the development of durable hydrogels, we moved on to focus on the possibilities of increasing ultimate elongations of lower molecular weight hydrogels or increasing the stiffness of higher molecular weight hydrogels. 
[bookmark: _Toc108641491]3.3.2 Homogenization of PEG-based Networks 
To study the impact of network homogeneity on hydrogel stiffness and ultimate elongations, PEGDA and TetraPEGs hydrogels were investigated. For this work, it was essential to compare similar network structures. It was hypothesized that matching compositions based on a theoretical distance between crosslinking points based on macromer molecular weight and structure would enable direct comparison of network properties. To test this hypothesis, volumetric swelling analysis was implemented to determine the effective distance between crosslinks prior to mechanical testing. For PEGDA networks, the number of repeat units of PEG in the backbone was used to approximate molecular weight between crosslinks (Figure 3.3A). For TetraPEG networks, the number of repeat units of one succinimidyl glutamate (SG) arm plus the number of repeat units of one amine arm was taken as the approximate molecular weight between crosslinks (Figure 3.3B). Therefore, PEGDA 10 kDa networks were compared to TetraPEG networks composed of TetraPEG-SG (20 kDa) and TetraPEG-Aam (20 kDa), where the approximate molecular weight between crosslinks was taken as 10 kDa. Similarly, PEGDA 20 kDa networks were compared to TetraPEG networks composed of TetraPEG-SG (40 kDa) and TetraPEG-Aam (40 kDa) and the approximate molecular weight between crosslinks was assumed to be 20 kDa. 
Swollen polymer volume fractions for the 20 kDa networks were not significantly different whereas the 10 kDa were significantly different at p < 0.0001 (n = 12, Figure 3.3C). Effective molecular weight between crosslinks was significantly different for the 20 kDa networks at p < 0.0001 but not for the 10 kDa networks (n = 12, Figure 3.3D). These results supported the hypothesis that molecular weight between crosslinks was a fair estimate for effective molecular weight between crosslinks for the 10 kDa networks. This assumption did not hold true for 20 kDa networks, though the mechanical properties of these networks were also analyzed as they had matched polymer volume fractions. Similar polymer volume fractions indicate similar crosslinking density, another interesting comparison for mechanical analysis. Additional analysis revealed for all compositions but TetraPEG 20 kDa, the effective molecular weight between crosslinks was higher than the number average molecular weight of the network, indicating a greater degree of defects than estimated in the determination of the effective molecular weight between crosslinks (Figure 3.3D).43 Despite this, it was assumed TetraPEG networks had greater homogeneity than PEGDA networks based on literature precedence.223 


[bookmark: _Toc108643583]Figure 3.3: PEGDA and TetraPEG hydrogel analysis. A) PEGDA hydrogel network structure with short polyacrylate kinetic chains and long PEG chains between these crosslinking junctions. B) TetraPEG-SG and -Aam network structure composed of complementary 4-arm groups. C-D) Volumetric swelling ratio analysis of hydrogels at 10 and 20 kDa theoretical distance between crosslinks. C) Swollen polymer volume fraction and D) effective molecular weight between crosslinks calculated with the equilibrium swelling equation. **** represents a significant difference at p < 0.0001. 
Next, the impact of network structure on tensile and fracture properties was assessed (Figure 3.4). For hydrogel networks with matched effective molecular weight between crosslinking points, tensile testing revealed TetraPEG networks to have higher ultimate elongations (PEGDA: 92 ± 13%, TetraPEG: 166 ± 18%) and decreased stiffness (PEGDA: 37.9 ± 0.77 kPa, TetraPEG: 12.9 ± 0.83 kPa; p < 0.0001, n = 3, Figure 3.4A). Under fracture analysis, TetraPEG networks maintained higher elongations at break and had lower fracture energies than PEGDA networks (p < 0.0001 and p < 0.01, n = 3, Figure 3.4B). These results indicate the more homogeneous network had a lower crosslinking density, enabling greater extensibility at the sacrifice of stiffness. For hydrogel networks with matched crosslinking density, approximated by swollen polymer volume fractions, PEGDA networks were stiffer than TetraPEG networks (p < 0.001, n = 4) but no significant differences in ultimate elongation were present (Figure 3.4C). Under fracture characterization, TetraPEG networks had higher elongations at break (p < 0.0001, n = 4) but no significant difference in fracture energy as compared to PEGDA (Figure 3.4D). 

[bookmark: _Toc108643584]Figure 3.4: Representative tensile and fracture curves of PEGDA and TetraPEG hydrogels at matched Mc or swelling ratio. A) Tensile properties of PEGDA 10 kDa and TetraPEG 20 kDa at matched Mc and B) fracture properties. C) Tensile properties of PEGDA 20 kDa and TetraPEG 40 kDa at matched swelling ratio and D) fracture properties. 
PEGDA 10 kDa had a three-fold increase in modulus and two-fold decrease in ultimate elongation at matched effective molecular weight between crosslinks when compared to TetraPEG. Increases in ultimate elongation are consistent with the work conducted by Tibbitt et al.60 Increased modulus in the PEGDA network is a new finding to these authors’ knowledge and surprising based on lower reported conversions in chain-growth hydrogels.72 Comparison of the matched effective molecular weight between crosslinks system revealed that the homogenized network achieved desirable elongations only with a greater loss of desired modulus. These results are consistent with the description of chain growth hydrogels as being highly connected, with greater force required to extend many chains at once.60 Greater cooperativity of the homogenized network may improve ultimate elongations by limiting stress concentration to weaker portions of the network, but only does so by losing connectivity. The clear difference in fracture elongations at matched polymer volume fraction in the 20 kDa system provides interesting insight into this difference. With the assumption of similar crosslinking density and an effective molecular weight between crosslinks half that of PEGDA, the long extensions under fracture characterization of TetraPEG support very different network arrangements between PEGDA and TetraPEG. Even though the effective molecular weight between crosslinks is larger for PEGDA, the higher forces under notch testing indicate the connectivity of the network results in more chains being stressed during fracture propagation. TetraPEG has low stresses under fracture propagation and achieves high elongations presumably because of a large distance between crosslinks.
	The results of homogeneity characterization revealed that increases in mechanical properties with a step-growth approach were only achievable with a loss of other desired properties. Namely, extensibility and modulus were not decoupled in homogenized networks. Further, differences in the mechanical properties of PEGDA and TetraPEG networks were small overall. This approach was deemed unsuccessful in the pursuit of hydrogels with stiffnesses similar to PEGDA 3.4 kDa with improved extension. 
[bookmark: _Toc108641492]3.3.3 Synthesis of a New Biostable PEUDAm Hydrogel
After determining limited efficacy of the homogenization approach, the effect of sacrificial bonds was characterized. It was hypothesized that incorporation of hydrogen bonds into a PEG-based hydrogel network would facilitate networks with higher moduli and improved extensibility. Simultaneously, we hoped to achieve a biostable macromer through the use of acrylamide end groups as opposed to the hydrolytically susceptible acrylate end groups of PEGDA.32, 224 As a first test of this hypothesis, hydrogen bonding groups were incorporated into the backbone of a new PEG macromer and the resultant hydrogels were characterized. 
Synthesis of polyether urethane methacrylate (PEUMA) was conducted according to the procedure outlined in Scheme 3.1 and confirmed using 1H-NMR. Development of the PEUMA synthesis enabled a low-cost alternative to amide-terminated PEGs. PEUMA 10 kDa successfully formed hydrogels with swelling ratios close to PEGDA 10 kDa (Figure 3.5A). Gel fractions of PEUMA 10 kDa were significantly lower than that of PEGDA 3.4 and 10 kDa, indicating poorer network incorporation of the macromer (p < 0.05, Figure 3.5B). Characterization of the molecular weight distribution with GPC revealed a large degree of dispersity resulting from the third step of the synthesis (Figure 3.5). Molecular weight species at the desired triblock molecular weight were present, as were peaks indicating coupling of two and three triblock groups. Additionally, lower molecular weight species were present, indicating incomplete reaction of the triblock step. Due to the complexity of the reaction, the heterogeneity, and lowered gel fractions, it was decided to pursue an alternative route to design a hydrogen bonding macromer. 

[bookmark: _Toc108641217]Scheme 3.1: Synthetic scheme of PEUMA 10 kDa

[bookmark: _Toc108643585]Figure 3.5: Characterization of PEUMA 10 kDa. A) Swelling ratio and B) gel fraction of PEUMA 10 kDa hydrogels as compared to PEGDA 3.4 and 10 kDa. C) Molecular weight distribution of PEUMA 10 kDa. 
Synthesis of polyether urethane diacrylamide (PEUDAm) was conducted according to the adapted procedure in Scheme 3.2. In the modified synthesis, the coupling step in PEUMA is removed. Successful functionalization of PEG-CDI was confirmed with 1H NMR with percent conversions over 95% (Figure 3.6). Successful functionalization of PEG-EDA was confirmed with 1H NMR with percent conversions over 90% (Figure 3.7). Finally, successful synthesis of PEUDAm was confirmed with 1H NMR with percent conversions over 85% (Figure 3.8). Characterization of the molecular weight distribution of PEUDAm revealed a small degree of coupling and limited polydispersity of the desired peak at 1.08 (Figure 3.9). This polydispersity was determined to be minimized enough to continue characterization of hydrogel swelling and mechanical properties. 

[bookmark: _Toc108641218]Scheme 3.2: Synthetic scheme of PEUDam 6 kDa

[bookmark: _Toc78918274][bookmark: _Toc78921350][bookmark: _Toc86313870][bookmark: _Toc86332033][bookmark: _Toc97135435][bookmark: _Toc103948820][bookmark: _Toc108643586]Figure 3.6: H1 NMR Spectra of PEG-CDI 20 kDa

[bookmark: _Toc78918275][bookmark: _Toc78921351][bookmark: _Toc86313871][bookmark: _Toc86332034][bookmark: _Toc97135436][bookmark: _Toc103948821][bookmark: _Toc108643587]Figure 3.7: H1 NMR Spectra of PEG-EDA 20 kDa


[bookmark: _Toc78918276][bookmark: _Toc78921352][bookmark: _Toc86313872][bookmark: _Toc86332035][bookmark: _Toc97135437][bookmark: _Toc103948822][bookmark: _Toc108643588]Figure 3.8: H1 NMR Spectra of PEUDAm 20 kDa


[bookmark: _Toc78918277][bookmark: _Toc78921353][bookmark: _Toc86313873][bookmark: _Toc86332036][bookmark: _Toc97135438][bookmark: _Toc103948823][bookmark: _Toc108643589]Figure 3.9: Molecular weight and polydispersity characterization of PEUMA 20 kDa via GPC.
PEUDAm was synthesized at 3.4, 10, and 20 kDa successfully. Hydrogels were fabricated from each molecular weight and from the 20 kDa macromer at three concentrations. Swelling ratios and gel fractions were characterized to assess baseline properties of the new macromer (Figure 3.10). Swelling ratios of the PEUDAm hydrogels were tunable with molecular weight and concentration. Increased molecular weight corresponded to higher swelling ratios (Figure 3.10A), and increased concentration corresponded to lower swelling ratios (Figure 3.10B). Gel fractions for all conditions were over 95% (Figure 3.10C,D). Increased molecular weight corresponds to an increase in the average distance between crosslinking points with a corollary decrease in crosslink density.43 225 Increased swelling with molecular weight increases is consistent with anticipated hydrogel trends. As macromer concentration is increased, the number of chains per unit area increases with a corollary decrease in swelling ratio. Decreased swelling ratios at high macromer concentrations have been attributed to a reduction in dangling ends and loops, leading to more effective elastic chains in the network.226-228 Swelling trends seen in PEUDAm hydrogels are consistent with prior literature. High gel fractions indicate robust hydrogel network formation. After confirming successful fabrication of PEUDAm hydrogels, we moved on to assess their resistance to hydrolysis. 

[bookmark: _Toc108643590]Figure 3.10: PEUDAm hydrogel characterization at multiple molecular weights and concentrations. A) Swelling ratio as an effect of molecular weight (10 wt%) and B) macromer concentration (20 kDa). C) Gel fraction for all molecular weights (10 wt%) and D) macromer concentrations (20 kDa). All comparisons represent an average of n = 12 and error bars represent standard deviation. Differences between groups at a 95% confidence interval are represented by *. 
To assess the biostability of hydrogels assembled from urethane-terminated PEUDAm, a two month accelerated hydrolytic degradation study was run. PEUDAm hydrogels were compared to hydrolytically susceptible PEGDA and biostable PEG-diacrylamide hydrogels at 3.4 kDa.32 As shown in Figure 3.11, PEGDA hydrogels nearly doubled in swelling ratio after one day, indicating hydrogel network structure breakdown. They began dissolving after 2 days, and all samples were dissolved on day 3. Conversely, PEG-diacrylamide (PEGDAA) and PEUDAm hydrogels did not dissolve and swelling ratio did not increase over time, indicating similar biostability between PEUDAm and PEGDAA hydrogels. PEUDAm hydrogels were thus characterized as biostable. Further studies into 20 kDa PEUDAm hydrogels were conducted by Rodriguez et al. that confirmed biostability at higher molecular weights.229

[bookmark: _Toc108643591]Figure 3.11: Biostability of PEG-based network under accelerated hydrolytic degradation. All samples represent an n = 12 and error bars represent standard deviation. The X represents complete degradation. Swelling ratios are normalized to swelling ratios prior to degradation. 
[bookmark: _Toc108641493]3.3.4 Investigation of Biostable PEUDAm Hydrogel Networks
After determining successful gelation and biostability of PEUDAm networks, the mechanical properties of the macromer were characterized. Tensile properties PEUDAm single networks were determined at multiple molecular weights and concentrations relative to PEGDA networks (Figure 3.12). Increasing molecular weight resulted in significantly increased ultimate elongation, decreased ultimate tensile strength, and decreased modulus for PEGDA networks, Figure 3.12A, (p < 0.0001, n = 12). For PEUDAm networks, Figure 3.12B, increased molecular weight significantly increased ultimate elongation and decreased modulus (p < 0.0001, n = 12) but did not significantly affect ultimate tensile strength. Increasing macromer concentration for 20 kDa PEGDA networks resulted in significantly decreased ultimate elongation and increased modulus for PEGDA networks (p < 0.0001, n = 12, Figure 3.12C); whereas, no statistical difference in ultimate tensile strength was observed. Increased macromer concentration for 20 kDa PEUDAm networks resulted in significantly decreased ultimate elongations, increased modulus, and increased ultimate tensile strengths (p < 0.005, n = 12, Figure 3.13D).

[bookmark: _Toc108643592]Fig. 3.12: Mechanical characterization of PEGDA and PEUDAm networks at multiple molecular weights (3.4, 10, and 20 kDa, 10 wt%) and concentrations (10, 15, and 20 wt%, 20 kDa). A-D) Representative tensile curves of PEGDA and PEUDAm. Impact of molecular weight on PEGDA (A) and PEUDAm (B). Impact of concentration on PEGDA (C) and PEUDAm (D). E-H) Characterization of PEGDA and PEUDAm tensile modulus (E) and ultimate elongation (F) as an effect of molecular weight, and tensile modulus (G) and ultimate elongation (H) as an effect of concentration. All samples represent an n = 12 and significant differences at a 95% confidence interval between PEGDA and PEUDAm are represented with a *. Circles represent PEGDA and triangles represent PEUDAm. 
The effect of molecular weight and concentration on crosslinking density are well established in the literature for PEGDA networks at molecular weights up to 10 kDa.16, 27 For end-functionalized macromers, increases in molecular weight corresponding to decreased crosslinking density appear as decreased modulus in tensile testing. This trend is demonstrated for 10 wt% PEGDA and PEUDAm networks from 3.4 to 20 kDa hydrogels (Figure 3.12A-B). Increased modulus with macromer concentration due to more effective elastic chains is also demonstrated for both PEGDA and PEUDAm 20 kDa networks from 10 to 20 wt% (Figure 3.12H, Figure 3.10B).228 These results indicate PEGDA and PEUDAm networks follow literature precedence up to 20 kDa. 
Comparison of PEGDA and PEUDAm networks proved most differences to be insignificant, indicating high structural similarity between the hydrogels. A clear difference was the lower modulus of PEUDAm 3.4 kDa relative to PEGDA 3.4 kDa (97.2 ± 9.48 vs. 136 ± 11.1 kPa, p < 0001, n = 12, Figure 3.12E). Ultimate elongations of these networks were not significantly different (38 ± 13 vs 40 ± 11%, n = 12, Figure 3.12F), nor were swelling ratios (11 ± 0.21 vs. 11 ± 0.26, n = 12, Table 3.1). Additionally, PEUDAm 20 kDa had lower ultimate elongations than PEGDA 20 kDa at 10 and 15 wt% (170 ± 36 vs. 270 ± 52% at 10 wt%, p < 0.0001; 104 ± 30 vs. 190 ± 54% at 15 wt%, p < 0.001, n = 12, Figure 3.12H). Secondary interactions between the urethane bonds near the acrylamide reactive groups are possible, though sterically hindered. However, if these interactions strongly affected network structure, it is likely clearer trends would have arisen in characterization. Due to the higher crosslinking density of the 3.4 kDa networks, it is possible that secondary interactions more strongly affect these hydrogels than higher molecular weights, resulting in modulus effects. Differences in 20 kDa networks could be caused by the dilute number of reactive groups in these systems leading to higher heterogeneity.228 Further characterization of network structure and likelihood of secondary interactions at crosslinking points would be necessary to determine any impact of the urethane motifs. 


[bookmark: _Toc108642579]Table 3.1: Summary of tensile mechanical properties of PEGDA and PEUDAm hydrogel networks at multiple molecular weights and concentrations. Each value represents an average of 12 and a standard deviation. 
	Macromer
	Molecular Weight
	Concentration (wt%)
	Swelling Ratio (Q)
	Gel Fraction (%)
	Tensile Modulus (kPa)
	Ultimate Elongation (%)
	Ultimate Tensile Strength (kPa)

	PEGDA
	3.4
	10
	11 ± 0.21
	97.0 ± 4.19
	136 ± 11.1
	40 ± 11
	52 ± 12

	
	10
	10
	21 ± 0.35
	97.4 ± 2.01
	41.4 ± 4.47
	90 ± 32
	31 ± 10

	
	20
	10
	30 ± 0.99
	97.4 ± 1.27
	14.1 ± 1.93
	270 ± 52
	28 ± 7.2

	
	20
	15
	23 ± 1.5
	95.8 ± 2.47
	29.0 ± 10.4
	190 ± 54
	38 ± 9.6

	
	20
	20
	17 ± 0.12
	96.7 ± 3.82
	48.2 ± 8.96
	99 ± 39
	36 ± 14

	PEUDAm
	3.4
	10
	11 ± 0.26
	92.1 ± 5.22
	97.2 ± 9.48
	38 ± 13
	38 ± 15

	
	10
	10
	18 ± 0.31
	97.4 ± 1.27
	48.4 ± 8.07
	81 ± 28
	31 ± 8.3

	
	20
	10
	29 ± 0.33
	95.7 ± 1.73
	20.0 ± 2.02
	170 ± 36
	27 ± 7.7

	
	20
	15
	21 ± 0.23
	97.4 ± 0.488
	41.0 ± 9.09
	100 ± 30
	30 ± 9.0

	
	20
	20
	17 ± 0.12
	98.6 ± 0.356
	54.2 ± 9.24
	130 ± 47
	53 ± 17



PEUDAm hydrogels were found to be structurally similar to PEGDA networks, with no clear improvements in stiffness or ultimate elongations. From these results, it was determined the incorporation of hydrogen bonding motifs in the hydrogel backbone did not improve the desired mechanical properties. Next, incorporation of small molecular hydrogen bonding groups into the PEUDAm network was explored.
[bookmark: _Toc108641494]3.3.5 Incorporation of Bidentate Hydrogen Bonds in PEUDAm Hydrogel Networks
After observing the mechanical similarity of PEUDAm to PEGDA hydrogels, a greater number of hydrogen bonding interactions was explored through the use of small molecule hydrogen bonding groups. Inclusion of NAGA monomers in PEUDAm networks was hypothesized to improve network stiffness for high molecular weight hydrogels. Towards this end, hydrogels were fabricated with varying amounts of NAGA and hydrogel swelling ratios, damage resistance, and mechanical characteristics were determined.  
Hydrogels fabricated with PEUDAm 20 kDa and varying concentrations of NAGA (2, 5, and 10 wt%) showed decreased swelling ratio with increased NAGA concentration (Figure 3.13A). Swelling ratios of PEUDAm networks with 10 wt% NAGA approached those of PEGDA 3.4 kDa though remained significantly higher (p < 0.05, n = 12). Gel fractions for all compositions were over 90% (Figure 3.13B). Characterization of resistance to particulate generation under suturing damage revealed significant decreases in particulate generation for PEUDAm + NAGA hydrogel networks relative to PEGDA 3.4 kDa (Figure 3.13C). Concentration of NAGA did not affect particulate generation (n = 5). Characterization of damage under forceps handling revealed a strong resistance to damage for PEUDAm + NAGA composites. PEGDA 3.4 kDa and PEUDAm 20 kDa controls showed exposure of the underlying substrate with a 180° rotation, whereas PEUDAm + NAGA composites showed no visible effects. Finally, bulk hydrogels of PEUDAm + NAGA were able to be knotted and stretched without network failure.

[bookmark: _Toc108643593]Figure 3.13: Fabrication of PEUDAm + pNAGA hydrogels and characterization of damage resistance and swelling ratio properties. A) Swelling ratio and B) gel fraction of PEUDAm 20 kDa networks with varying degrees of pNAGA. Data represents an average of n = 15. C) Suture damage to bulk hydrogels of varying composition. Data represents an average of n = 5. D) Torquing damage to hydrogel composites of varying compositions. E) Bulk PEUDAm 20 kDa + pNAGA hydrogels resist damage with knotting and stretching. The * indicates significance between groups at a 95% CI. 
Reduced swelling ratio with NAGA incorporation into PEUDAm networks was a promising result as decreased swelling ratios indicate increased crosslinking density, desirable for stiffer networks. High gel fractions of these hydrogels indicated good network formation and decreased particulate generation under suturing relative to the PEGDA 3.4 kDa control indicated increased damage resistance. Finally, elimination of handling damage was achieved with the incorporation of NAGA. Resistance to both suturing and handling damages for this hydrogel was encouraging for the continuation of mechanical characterization.
	Tensile testing was conducted for 10 wt% PEUDAm 20 kDa + 5 wt% NAGA networks relative to 10 wt% PEGDA 3.4 kDa and 10 wt% PEUDam 20 kDa (Figure 3.14). PEUDAm 20 kDa + NAGA networks did not show improved mechanical properties from PEUDAm 20 kDa networks without NAGA. Ultimate elongations of the two networks were not significantly different (n = 6, Figure 3.14 B). Both networks had higher ultimate elongations than PEGDA 3.4 kDa (p < 0.0001, n = 6). In terms of modulus, PEUDam + NAGA networks had values significantly lower than PEUDAm 20 kDa and PEGDA 3.4 kDa (p < 0.001 and p < 0.0001, respectively, n = 6, Figure 3.14C). Representative curves of PEUDAm + NAGA hydrogels showed stiffening with elongation, markedly different from the shape of PEUDAm curves without NAGA (Figure 3.14A). 

[bookmark: _Toc108643594]Figure 3.14: Representative tensile curves of single network high molecular weight PEG-based macromers doped with pNAGA. A) Representative tensile curves. B) Ultimate elongations and C) Tensile modulus of PEUDAm 20 kDa + pNAGA hydrogels as compared to PEGDA 3.4 kDa and PEUDAm 20 kDa networks. **** represents a significant difference at p < 0.0001 and *** represents a significant difference at p < 0.001.  
Despite the promising swelling ratios, gel fractions, and resistance to suturing and torqueing damages, PEUDAm networks with NAGA incorporated in the first network did not improve mechanical properties over the PEUDAm networks alone. Incorporation of NAGA decreased modulus despite the increase in swelling ratio. A network structure was hypothesized to understand this mechanical behavior (Figure 3.15). NAGA monomers incorporate into the kinetic chain of the PEUDAm hydrogel network as the acrylamide end groups undergo free radical polymerization. Hydrogen bonding motifs, then, are relegated to the kinetic chain crosslinking points within the network. This network hypothesis is markedly different from that previously proposed by Zhang and coworkers and better accounts for the fundamental theory around PEGDA hydrogel network structures.220 Swelling forces driven by the hydrophilic nature of PEG chains may overcome hydrogen bonding associations that form between pNAGA motifs on the kinetic chain. As it is difficult to characterized intermolecular interactions in a hydrated state within hydrogels, these interactions were not characterized. Importantly, swelling ratios were not affected by drying and reswelling of the networks, indicating hydrogen bonds did change the network structure during deswelling. Deeper analysis into the network structure of these hydrogels was not undertaken, as they did not approach desired modulus values.

[bookmark: _Toc108643595]Figure 3.15: Hypothesized network structure of PEUDAm NAGA copolymerized hydrogels. 
Incorporation of NAGA into PEUDAm 20 kDa single network hydrogels greatly improved damage resistance over PEGDA 3.4 kDa hydrogels but did not significantly improve the mechanical properties of PEUDAm networks. A network structure was proposed to describe these interactions where hydrogen bonding interactions are restricted to the kinetic chain, pulling chains together when successfully formed. While this work was promising for its resistance to torqueing damage, it was determined this approach was not sufficient for use in small diameter vascular grafts. Next, we looked to an even greater usage of NAGA into the hydrogel networks via an interpenetrating network approach.
[bookmark: _Toc108641495]3.3.6 Interpenetrating Network PEG-Based Hydrogels 
Although incorporation of NAGA monomers into PEUDAm networks increased damage resistance, the moduli achieved were significantly lower than those requisite for endothelial cell adhesion and spreading. An IPN approach was next undertaken, as these networks have been reported to combine favorable properties of the two networks. We hypothesized a PEUDAm IPN would benefit from the desirable mechanical properties of a pNAGA network and the high water contents of a PEUDAm network. Towards this end, IPNs with varying degrees of NAGA were characterized.
Swelling ratios and gel fractions of hydrogels with varying concentrations of NAGA (10, 15, and 20 wt%; 0.1 mol% bisAAm) were characterized (Figure 3.17). For all compositions, the first network was composed of 10 wt% PEUDAm 20 kDa. Swelling ratios were significantly decreased from PEUDAm networks alone with the addition of the IPN for all concentrations of NAGA (PEUDAm 20 kDa single network: 29 ± 0.33, n = 12, p < 0.0001, Table 3.2, Figure 3.16). Further, swelling ratios were decreased as NAGA was increased (p < 0.0001). Gel fractions for all hydrogels was above 85%. 

[bookmark: _Toc108643596]Figure 3.16: Swelling ratios and gel fractions of PEUDAm 20 kDa IPNs with varying concentrations of NAGA in the second network.  to component single networks. **** represents p < 0.0001.
IPN networks were achieved for PEUDAm 20 kDa hydrogels with pNAGA second networks. Swelling ratios were dramatically decreased from the PEUDAm 20 kDa network alone. Gel fractions for the IPN hydrogels were lower than for single network hydrogels, though still close to 90%. A network structure was proposed for the IPN hydrogels based on PEGDA and IPN fundamental literature (Figure 3.17). Based on the similar mechanical properties of PEUDAm and PEGDA hydrogels, it was hypothesized PEUDAm networks have the same high functionality polyacrylic acid kinetic chains as PEGDA, with many PEG groups connecting it to other kinetic chains.42, 65, 230 The pNAGA interpenetrating network is polymerized from NAGA and bisAAm monomers within the PEUDAm network to form long polymer chains held together covalently through the difunctional crosslinker bisAAm. Hydrogen bonding interactions between the pNAGA chains occur wherever the chains meet and are hypothesized to be reversibly deformable based on prior literature.106  

[bookmark: _Toc108643597]Figure 3.17: Proposed hydrogel network structures. Single network PEUDAm hydrogels have a similar high functionality net point structure as PEGDA hydrogels with the addition of hydrogen bonding groups near the crosslinking points. Covalent IPN hydrogels can be formed by swelling in the NAGA monomer and the bisAAm crosslinker and crosslinking within the first network. Hydrogel bonding secondary interactions within the second network and between the two networks enhances the mechanical properties of the IPN hydrogels.

[bookmark: _Toc108643598]Figure 3.18: Relative tensile properties of PEGDA and PEUDAm IPN networks. A) Representative curves. Effect of PEGDA vs. PEUDAm on IPN network B) Young’s modulus, C) ultimate tensile strength, and D) ultimate elongation. All comparisons represent an n = 12 and error bars represent standard deviation. *** represents p < 0.001, and **** represents p < 0.0001. 
  After confirming the successful fabrication of IPN hydrogels, tensile properties of PEGDA and PEUDAm IPNs were considered to determine the effect of IPN incorporation. For all mechanical properties, IPNs with a PEUDAm vs. PEGDA first network had increased properties (modulus: PEGDA: 57.6 ± 13.6 kPa vs. PEUDAm: 118 ± 24.8 kPa; ultimate elongation: PEGDA: 160 ± 43% vs. PEUDAm: 280 ± 76%; ultimate tensile strength: PEGDA: 81 ± 33 kPa vs. PEUDAm: 240 ± 71 kPa, p < 0.001, Figure 3.18). Second network incorporation at 20 wt% NAGA decreased ultimate elongation in PEGDA networks and increased ultimate elongation in PEUDAm networks (PEGDA SN: 270 ± 52% vs. IPN: 160 ± 43%, p < 0.001, Figure 3.19D; PEUDAm SN: 170 ± 36% vs. IPN: 280 ± 76%, p = 0.0003, Figure 3.19H; n = 12). Tensile modulus was significantly increased for both PEGDA and PEUDAm IPNs relative to the SN (PEGDA SN: 14.1 ± 1.93 kPa vs. IPN: 57.6 ± 13.6 kPa, Figure 3.19B; PEUDAm SN: 20.0 ± 2.02 vs. IPN: 118 ± 24.8 kPa, Figure 3.19F; p < 0.0001, n = 12). Ultimate tensile strength was significantly increased only for PEUDAm networks (PEGDA SN: 28 ± 7.2 kPa vs. IPN: 81 ± 33 kPa, Figure 3.19C; PEUDAm SN: 27 ± 7.7 vs. IPN: 240 ± 71 kPa, p < 0.0001, Figure 3.19G; n = 12). Incorporation of a secondary network into PEGDA and PEUDAm first networks greatly increases crosslinking density as evidenced by the increase in modulus. For PEUDAm networks, the IPN additionally improves the extensibility of the network. Differences between PEGDA and PEUDAm networks may be attributable to the urethane motifs in the PEUDAm crosslinking points. It is possible that hydrogen bonding between the pNAGA network and PEUDAm network occur, although further studies are necessary to confirm this.

[bookmark: _Toc108643599]Figure 3.19: Tensile properties of PEGDA and PEUDAm IPN networks. A-D) PEGDA networks: A) Representative curves and effect of IPN on B) Young’s modulus, C) ultimate tensile strength, and D) ultimate elongation. E-H) PEUDAm networks: E) Representative curves and effect of IPN on F) Young’s modulus, G) ultimate tensile strength, and H) ultimate elongation. All comparisons represent an n = 12 and error bars represent standard deviation. *** represents p < 0.001, and **** represents p < 0.0001. 
The effect of varying NAGA concentration was investigated in PEUDAm IPNs. IPNs fabricated with 10 wt% NAGA did not have any significant differences from PEUDAm SN (n – 12, Figure 3.20). Increasing NAGA concentration from 10 to 20 wt% resulted in significant trends of increased ultimate elongation, ultimate tensile strength, and modulus, Figure 3.20 (p < 0.0001, n = 12). PEUDAm IPN networks with 20 wt% NAGA had significantly improved mechanical properties over PEUDAm for all comparisons (p < 0.001, n = 12). IPNs conventionally show synergistic effects between the two networks. In this study, the IPN showed properties between the PEUDAm and pNAGA SN. The high strength of pNAGA hydrogels is due to their extensive and highly stable hydrogen bonding interactions.218 Dai and coworkers proposed pNAGA hydrogel networks to be composed of hydrogen bonding microdomains strong enough to suppress hydration. Application of pNAGA in an interpenetrating network where it is entangled with PEG chains likely suppresses extensive formation of these hydrogen bonding microdomains. Although pNAGA hydrogen bonds outcompete hydrogen bonding with water in single networks, PEG groups are highly hydrophilic. These opposing forces likely lead to the intermediary properties of the IPNs. 

[bookmark: _Toc108643600]Figure 3.20: Relative tensile properties of PEUDAm IPN networks with varying concentrations of NAGA. A) Representative curves. B) Ultimate elongation, C) tensile modulus, and D) ultimate tensile strength. All comparisons represent an n = 12 and error bars represent standard deviation. *** represents p < 0.001, and **** represents p < 0.0001.
Modulus values for PEUDAm IPNs with 20 wt% NAGA approached those of PEGDA 3.4 kDa (PEUDAm IPN: 118 ± 24.8 kPa, PEGDA 3.4 kDa: 136 ± 11.1 kPa, p < 0.05, Figure 3.21B). Ultimate elongation and ultimate tensile strength of the IPN network were dramatically larger than that of the PEGDA 3.4 kDa network (ultimate elongation: IPN: 280 ± 76%, PEGDA 3.4 kDa: 40 ± 11%; ultimate tensile strength: IPN: 240 ± 71 kPa, PEGDA 3.4 kDa: 52 ± 12 kPa, p < 0.0001, n = 12, Figure 3.21D). IPNs with 20 wt% NAGA successfully come very close to matching a modulus desirable for endothelial cell adhesion while drastically improving the extensibility for damage resistance. IPN networks have higher tensile strengths than the 3.4 kDa networks yet are not brittle like 3.4 kDa networks. After determining that PEUDAm IPNs successfully increased modulus and ultimate elongations, the impact of the IPN on mechanical energy dissipation was explored via fracture characterization.

[bookmark: _Toc108643601]Figure 3.21: Tensile properties of PEUDAm IPNs relative to PEGDA 3.4 kDa networks. A) Representative curves. B) Young’s modulus. C) Ultimate tensile strength. D) Ultimate elongation. All comparisons represent an n = 12 and error bars represent standard deviation. * represents p < 0.05, and **** represents p < 0.0001.

[bookmark: _Toc108642580]Table 3.2: Summary of hydrogel characterization and tensile mechanical properties of PEGDA and PEUDAm IPN hydrogel networks. Each value represents an average of 12 and a standard deviation.
	Macromer
	[NAGA] (wt%)
	Swelling Ratio (Q) 
	Gel Fraction (%) 
	Tensile Modulus (kPa)
	Ultimate Elongation (%) 
	Ultimate Tensile Strength (kPa)

	PEGDA 20 kDa
	SN
	30 ± 0.99
	97.4 ± 1.27
	14.1 ± 1.93
	270 ± 52
	28 ± 7.2

	
	20
	9.4 ± 0.45
	95.8 ± 0.766
	57.6 ± 13.6
	162 ± 43
	81 ± 33

	PEUDAm 20 kDa
	SN
	29 ± 0.33
	95.7 ± 1.73
	20.0 ± 2.02
	170 ± 36
	27 ± 7.7

	
	10
	10 ± 0.70
	87.7 ± 2.92
	24.7 ± 2.71
	130 ± 45
	32 ± 12

	
	15
	8.2 ± 1.2
	89.5 ± 3.24
	62.4 ± 4.25
	140 ± 62
	76 ± 33

	
	20
	6.1 ± 1.3
	93.5 ± 4.80
	118 ± 24.8
	280 ± 76
	240 ± 71

	pNAGA
	20
	3.4 ± 0.14
	94.7 ± 1.70
	207 ± 17.0 
	280 ± 84
	450 ± 92


Single edge notch tests were conducted on PEUDAm IPN networks relative to the component single networks (Figure 3.21). For PEUDAm SN, the maximum force at fracture was 0.07 ± 0.04 N, the maximum elongation at break was 26 ± 6%, and the fracture energy was 0.03 ± 0.02 J/mm2. For PEUDAm IPNs, the maximum force at fracture increased to 0.34 ± 0.09 N, and the maximum elongation at break increased to 34 ± 5.0% (p < 0.0001 for maximum force and p < 0.05 for fracture elongation, n =12). Fracture energy was not significantly increased (0.22 ± 0.08 J/mm2 as compared to 0.03 ± 0.02 J/mm2 for the SN, p = 0.0878, Figure 3.22). Fracture properties of the pNAGA SN were significantly greater than IPN for all conditions, achieving fracture energy values of 1.63 ± 0.38 J/mm2 (p < 0.0001, n =12). Finally, macroscopic damage resistance of PEUDAm IPN networks at 20 wt% NAGA was characterized (Figure 3.23). Bulk hydrogels could be stretched and twisted many times without failure (Figure 3.23A). Suture needles could be easily passed through the network with limited particulate generation significantly lower than PEGDA 3.4 kDa (Figure 3.23B) 

[bookmark: _Toc108643602]Figure 3.22: Fracture properties of PEUDAm IPN networks. A) Representative curves. Effect of IPN on B) maximum force at break, C) elongation at break under fracture, and D) fracture energy. All comparisons represent an n = 12 and error bars represent standard deviation. * represents p < 0.05, and **** represents p < 0.0001. 
As with tensile characterization, fracture energy characterization also displayed IPNs with properties intermediary to the two component networks. In pNAGA networks, sacrificial hydrogen bonding interactions are broken to dissipate fracture energy.207 Sun and coworkers reported a mechanism for mechanical energy dissipation in IPN networks, whereby a polyacrylamide gel was crosslinked with an alginate gel.99 As mechanical force was applied to a fracture in the network, the brittle polyacrylamide bonds fracture and mechanical energy from the fracture is dissipated to disrupt hydrogen bonds in the alginate network as opposed to propagating through the polyacrylamide network. In this work, a similar mechanism is likely employed—however, pNAGA hydrogels have much higher fracture energies than alginate networks. Again, disruption of the hydrogen bonding microdomain decreases the ability of the pNAGA hydrogel to dissipate fracture energy. Regardless, the degree of strengthening in the PEUDAm SN results in a significant improvement in fracture properties. PEUDAm IPN hydrogels achieve the mechanical properties desired in this study, achieving endothelial cell relevant moduli, high extensibilities, and mechanical energy dissipation. Further, bulk IPN hydrogels could be handled with ease and resisted damage under stretching and twisting. Suturing of the bulk IPN hydrogels showed some particulate generation, though this is not of concern for the final application as particulate generation is decreased for coatings over bulk gels. 

[bookmark: _Toc108643603]Figure 3.23: Damage characterization of PEUDAm IPN hydrogels. A) Stretching and twisting. B) Particulate generation with suture needle passage. 
[bookmark: _Toc108641496]3.4 Conclusion 
Further development in our design of small diameter vascular grafts required a durable hydrogel formulation to resist handling damages incurred during graft implantation. This work sought to eliminate the damage mechanisms that lead to failures during implantation while maintaining endothelial cell adhesion and spreading achieved by the previous hydrogel formulation. In this work, several approaches were assessed in the design of durable hydrogels. Important insight into the structural features of PEG-based hydrogels were made for each approach. Ultimately, an IPN hydrogel was designed using a primary network of a biostable PEG-based macromer supported by a secondary network formed from the bidentate hydrogen bonding monomer, NAGA. This IPN matched the modulus of previous bioactive hydrogels and greatly improved the mechanical properties and damage resistance of the networks.  The work undertaken in the design of this final hydrogel adds important insight into network design. The final IPN bulk gel is well adapted to translation into coating methodologies. 
[bookmark: _Toc108641497]
Chapter IV: PEG-Based Hydrogel Coatings: Design Tools for Biomedical Applications 
[bookmark: _Toc494704067][bookmark: _Toc108641498]4.1 Introduction
Upon determining a bulk hydrogel approach that enabled damage resistance in Chapter IV, it was next essential to determine the compatibility of this hydrogel with the conformable crosslinking methodology established in Chapter II. To establish this method, only macromers at 3.4 and 6 kDa were assessed. As it was necessary to increase molecular weight to 20 kDa for damage resistance, it was also necessary to return to the crosslinking platform with this design consideration in mind. Upon experiencing challenges with this translation, we stepped back to define a set of tools for hydrogel coatings more broadly. In this chapter, methods of photoinitiated crosslinking and redox based, diffusion-mediated are explored. 
The most common method used to apply PEG-based hydrogel coatings use photoinitiated crosslinking. For example, our previous work described photocured hydrogel coatings in multilayered small-diameter vascular grafts8, 25, 26, 30 and heart valves.16, 133, 154 Protective PEG-dimethacrylate coatings have also been utilized in neural implants and other biomedical applications.86, 95, 134, 143 In the photoinitiation curing process, a hydrogel precursor solution containing a photo-initiator is placed into a mold containing the substrate of choice, and the solution is crosslinked via exposure to UV light (Figure 4.1A). Tuning of the hydrogel coating is necessary to meet the requirements of different applications. Modulus is primarily controlled by the precursor solution composition (macromer molecular weight, polymer concentration, crosslinker).27, 43, 223, 231 Although tunable in terms of hydrogel composition, thickness and shape of the construct are determined by the mold. Multiple molds must be employed for each substrate geometry and target coating thickness. It is experimentally difficult to achieve thin, uniform coatings or conformable coatings of complex shapes with this mold-based approach (Figure 4.1B, C). Overall, photo-crosslinked hydrogel coatings using molds can be used for simple geometries (flat, tubular substrates) with target thicknesses >100 microns. 
To achieve hydrogel coatings on materials with more complex geometries, researchers have developed newer methods that do not require molds. Several research groups have accomplished this with surface initiation,9, 10, 232 surface bridging,137, 141, 146 or diffusion-mediated crosslinking processes.140, 145, 147, 233 Yu et al. developed an interfacial interpenetration strategy to form “hydrogel skins” of poly(acrylic acid), poly(N,N-dimethylacrylamide), poly(N-vinylpyrrolidone), and poly(hydroxyethyl) methacrylate hydrogels.146 Johnson et al. utilized enzyme-mediated redox chain initiation to generate conformal, micrometer-scale PEG-based hydrogel layers.145, 163 Glucose oxidase is used to generate a glucose-dependent source of hydrogen peroxide that reacts with Fe2+ to initiate hydrogel crosslinking. Thus, glucose diffusion from the substrate can be used to provide temporal control and spatial localization.163, 165 The Grande-Allen lab utilized this crosslinking platform with PEGDA and PEG-diaacrylamide to coat decellularized bovine heart valves with a thin and conformable hydrogel layer.154 Ma et al. developed a similar diffusion-based approach based on leaching of Fe2+ from 3D printed constructs to initiate hydrogel crosslinking at the surface after reaction with a peroxide intiator.147 To expand this approach and remove the requirement for compounding with ferrous iron prior to coating, our lab developed the adsorption-based redox approach. In this method, iron gluconate (IG) adsorption to a substrate and diffusion-mediated desorption from the surface can be used to initiate the reduction of ammonium persulfate (APS) for crosslinking at the substrate surface (Figure  4.1D).233 This approach enables conformable hydrogel coatings with tunable thickness at multiple molecular weights and polymer concentrations (Figure 4.1E-F). Additionally, this method yields tunable thickness over time, eliminating the need for multiple molds. However, due to the increased complexity of the redox crosslinking platform, greater consideration of fabrication conditions is necessary to tune these coatings for individual applications. Concentrations of each reagent (APS, IG, macromer) affect reaction kinetics, and macromer molecular weight affects both acrylate concentration and solution viscosity.163, 234-237 Due to the complexity of the crosslinking reaction within this platform, this crosslinking method should be reserved for applications where conformability is essential.


[bookmark: _Toc108643604]Figure 4.1: 	Hydrogel coating fabrication methods. A) Photoinitiated polymerization mechanism, where radicals are generated from exposure of a photo-initiator to UV light. B) Photocured hydrogel coating on a small diameter vascular graft and (C) 3D printed stent. D) Diffusion-mediated redox polymerization mechanism, where radicals are generated from the redox reaction between the ammonium persulfate and iron gluconate. E) Redox diffusion-mediated hydrogel coating on a small diameter vascular graft and (F) 3D printed stent.
Each of these coating methods has advantages and limitations that require consideration of the intended application and substrate of interest. The goal of this paper is to provide readers with the design considerations for both platforms and the tools necessary to tune these methods to their applications. We use electrospun mesh substrates in this investigation, a material widely used in biomedical applications, as an example substrate for consideration.176 First, we describe the design parameters of UV hydrogel coatings and demonstrate the tunability of this method for PEGDA hydrogel coatings. We then outline and demonstrate the basic controls in the redox system. We go on to discuss the challenges of the redox system due to the complexities of diffusion-mediation and redox chemistry and their impacts on the coatings and substrate-coating interactions. We provide a series of experiments to demonstrate the process of troubleshooting this method for individual applications that require different molecular weights, thicknesses, and reaction kinetics. We demonstrate a modified methodology that optimizes substrate-coating cohesion. Finally, we provide an overview of necessary substrate conditions for both coating methods. Ultimately, we hope to this work enables readers to adapt these coating methods to their own applications with greater ease. PEG-based hydrogels are desirable in the field of medical device design to guide biological responses. PEG-based hydrogel coatings can be tuned in many ways with careful consideration of coating methodology to enable broad adoption of these materials in many fields. 
[bookmark: _Toc108641499]4.2 Materials and Methods 
Materials

Reagents were purchased from Sigma-Aldrich and used without further purification unless otherwise noted. 
Fabrication of Electrospun Meshes
	Mesh fabrication was conducted as described in Chapter II. 
Synthesis of PEGDA 
Poly(ethylene glycol) diacrylate (PEGDA) was synthesized as described in Chapter III. 
Hydrogel Composite Fabrication and Characterization 
Precursor Preparation: All polymer solutions were prepared by dissolving PEGDA (3.4, 10, or 20 kDa) in deionized water at a concentration of 10 or 20 wt%/vol. For photoinitiated hydrogels, precursor solutions with 0.1 wt% Irgacure 2959 were prepared. For hydrogel coatings, precursor solutions were prepared with ammonium persulfate (0.01, 0.025, 0.05, or 0.1 wt%). 
Photo-initiated Hydrogel Composite Fabrication: Photoinitiated bulk hydrogels were fabricated by placing precursor solutions between 1.5 mm spaced glass plates and curing on a UV transilluminator (UVP, 25-watt, 365 nm) for 6 minutes on both sides. Photoinitiated composites were prepared by soaking mesh substrates in precursor solutions for 30 minutes prior to crosslinking. Mesh samples (0.15-0.16 mm) were then placed between glass slides, held by coverslips to set thickness (two No. 1 coverslips, 0.32-0.36 mm spaced), and precursor solution was pipetted between the glass slides. Samples were cured on a UV transilluminator for 6 minutes on both sides identically to bulk hydrogels. Thicknesses of mesh and hydrogel coatings at crosslinking and equilibrium swelling was characterized with force-normalized calipers (Mitutoyo, n = 9). 
Diffusion-Mediated Redox Hydrogel Composite Fabrication: Redox hydrogel coatings were formed as previously described with minor modifications.233 Electrospun mesh samples (120-190 µm thick) were cut to 5 x 10 mm and passed through a graded ethanol ramp (70%, 50%, 30%, and 0% ethanol in water, 15 minutes each) prior to use.  Mesh substrates (0.12-0.19 mm thick) were then coated in a solution of iron gluconate (IG, 3 wt% [Fe2+] as determined with the Ferrozine Assay, SI Methods I) via adsorption by soaking ramped meshes in IG for 15 minutes. After soaking, meshes were briefly dipped in methanol then dried under compressed air for one minute. After drying, meshes were immediately transferred to 3D printed clamps and immersed in aqueous solutions of PEGDA with APS (detailed above) for 10, 20, or 30 seconds in a 96 well plate. After fabrication, composites were either immediately immersed in deionized water or allowed to continue crosslinking for 15 minutes or until dry (~2 hours). All composites were then washed in deionized water with three exchanges of water at 10 min, 15 min, and overnight to remove the sol fraction. 
	The minimum concentration of APS necessary to form hydrogels was determined by characterizing the mass of dried hydrogels (3.4 kDa 10wt%, 20 kDa 10wt% or 20wt%) at three APS concentrations (0.01, 0.025, or 0.05 wt% APS). The mass of dry composites after swelling and removal of the sol fraction was weighed and the mass of the uncoated meshes subtracted. If the resultant mass of the dry hydrogel was > 0.1 mg, a gel was considered to have formed (n=12).
The effect of molecular weight and macromer concentration (3.4 kDa or 20 kDa, 10wt% or 20wt%, 0.05wt% APS), time (10, 20, 30 s), and APS concentration (20 kDa 10wt%, 0.05wt% or 0.1wt% APS, 30s) on hydrogel coating thickness was determined (n=12). Composites were first trimmed to eliminate edge effects and then thickness was measured with a force-normalized caliper (Mitutoyo). The effect of swelling on dimensional changes were determined by measuring composite thickness immediately after curing and again after swelling overnight (n=12). 
Statistical Analysis 
The data for all measurements are displayed as mean ± standard deviation. An analysis of variation (ANOVA) comparison utilizing Tukey’s multiple comparison test was used to analyze the significance of data among multiple compositions. Outliers were removed using a ROUT analysis (Q = 0.1%). All tests were carried out at a 95% confidence interval (p < 0.05).   
[bookmark: _Toc108641500]4.3 Results and Discussion
Hydrogel coatings have enabled broad innovation in medical device design through the decoupling of surface properties from bulk mechanical durability. In this study, two fabrication methods for hydrogel coatings are described. We aimed to demonstrate the benefits and limitations of photopolymerization and redox diffusion-mediated methods for designing hydrogel coatings. To this end, we characterized fundamental crosslinking features of both methods including compositional control, swelling behaviors, and kinetic and substrate effects. 
[bookmark: _Toc108641501]4.3.1 Photopolymerized Hydrogel Coatings 
First, tuning of photopolymerized hydrogel thickness with molding was characterized. Hydrogel composites (3.4 kDa, 10wt%) were fabricated between glass slides spaced with various thicknesses (0.3, 0.6, or 0.9 mm), photopolymerized, and swollen (Figure 4.2A). As expected, the thickness of swollen composites increased with increasing mold thickness. Next, effects of macromer molecular weight and concentration were evaluated. Macromer solutions (3.4 kDa 10wt%, 20 kDa 10wt%, or 20 kDa 20wt%) were added to a mold of the same thickness (0.6 mm), crosslinked, and swollen (Figure 4.2B). As expected, thicknesses of composites at cure were identical  (Figure 4.3A). Swelling ratios were determined by comparing thickness at the swollen state to thickness as cured (n=9). Average swelling ratios of hydrogel composites were 1.4 ± 0.3, 2.3 ± 0.2, and 2.5 ± 0.2 for 3.4 kDa 10wt%, 20 kDa 10wt%, or 20 kDa 20wt%, respectively. There was a significant difference in swelling based on macromer molecular weight (3.4 kDa vs 20 kDa, p < 0.0001); whereas, the effect of polymer concentration (10 vs 20 wt%) of the 20 kDa composites was not stastically different (p = 0.2261). 

[bookmark: _Toc108643605]Figure 4.2: Photopolymerized hydrogel coating thickness control and swelling effects. A) Gel coating thickness is controlled with mold thickness and resultant swelling (PEGDA 3.4 kDa) B) Composition effects on swelling-induced thickness changes of coatings as an effect of macromer molecular weight and concentration: representative images and thickness-based swelling ratios (n=9). * represents a difference from all groups at a 99.9% CI. Scale bar represents 500 µm.
In bulk photopolymerized hydrogels, swelling ratios are affected by both molecular weight and concentration. In this study of hydrogel coatings, only molecular weight had a signficant effect on swelling ratio (Figure 4.2B). As expected, higher molecular weight compositions had higher swelling ratios, consistent with previous studies.27 Contrary to other studies, higher concentrations did not correspond with lower swelling ratios. Swelling ratios in this study were determined by the ratio of swollen to as-cured thickness. Bulk hydrogel swelling ratios are calculated with volumetric swelling or mass-based to volumetric swelling methods.43 We expect that substrate effects cause restrictions to dimensional changes, and this is responsible for the observed phenomonen. Photopolyerized coatings on electrospun mesh substrates are adhered via a thread-hole topology as described by Yang et al.139 The interdigitated portion of the hydrogel prevents the surface portion from uniform swelling. Nonuniform stresses to hydrogel multilayers caused by swelling-induced instabilities have been reported to cause delamination.238 We hypothesize nonuniform stresses in well interdigitated photopolymerized networks result in unexpected swelling results. To rigorously characterize these swelling effects, model-informed thickness control of substrate and hydrogel coating could be employed.  

[bookmark: _Toc108643606]Figure 4.3: Photopolymerized hydrogel coating thickness A) as cured and B) as cured compared to swollen to equilibrium state as an effect of i) molecular weight (10wt%) and ii) concentration (PEGDA 20 kDa) comparisons (n=9).
For photopolymerized hydrogels, both molding and swelling effects must be considered to achieve desired thicknesses. Molecular weight has a significant effect on hydrogel thickness with lower molecular weights (3.4 kDa) causing minimal dimensional change post-swelling. Conversly, larger molecular weights (20 kDa) cause over a two-fold increase in thickness change post-swelling. To attain a target thickness, one must characterize the swelling properties of each hydrogel composition in their coating application to select an appropriate mold. 
Additional considerations of mold setup for photopolymerized hydrogel coatings are substrate geometry and coating uniformity. Certain complex geometries such as tubular constructs can be fabricated with molds. More complex substrates are limited. For non-rigid substrates, uneveness in coating thickness can result in differential swelling forces that deform the substrate, observed in our studies with electrospun meshes. It is difficult to form hydrogel coatings of uniform thicknesses on thin substrates with molds. Photopolymerized hydrogels have straightforward tuning of hydrogel thickness, albiet limited mechanisms for control. 
[bookmark: _Toc108641502]4.3.2 Redox-Initiated Hydrogel Coatings

[bookmark: _Toc108643607]Figure 4.4: Redox-initiated hydrogel coating thickness control and swelling effects. A) Coating thickness is tunable with time and composition: initiator concentration (10 wt%, 20 kDa), macromer molecular weight (10wt% solution, 0.05wt% APS), and macromer concentration (20 kDa, 0.05wt% APS). B) As cured thickness of redox hydrogels compared to swollen thickness with different compositions (30s immersion time): representative images and swelling ratio changes based on composition. For all comparisons, n=12. The # represents a nonsignificant difference between groups. The * represents a difference from all groups at a 99.9% CI. 
After characterizing the tunability of photopolymerized hydrogel coatings, we proceeded to study the effect of redox reagents and compositional control in the redox diffusion-mediated crosslinking system (Figure 4.4). Growth kinetics of hydrogel coatings as a function of APS concentration and macromer molecular weight and concentration were investigated. Mesh substrates were coated in 3 wt% IG and immersed in a solution of polymer (PEGDA 3.4 or 20 kDa at 10 or 20 wt%) and APS (0.05 or 0.1 wt%) for 10, 20, or 30 s. Hydrogel coatings successfully formed for all compositions except PEGDA 3.4 kDa at 10 s (Figure 4.4A). Each condition resulted in significant hydrogel thickness growth with time (10 wt% PEGDA 20 kDa at 0.05 and 0.1 wt% APS: p < 0.0001; PEGDA 3.4 at 10 wt%: p < 0.0001; PEGDA 20 kDa at 20 wt%: p < 0.0001, Figure 4.4A). The thinnest hydrogel compositions were 40 ± 20 µm for PEGDA 3.4 kDa at 20 s, and the thickest compositions were 500 ± 40 µm for 20 wt% PEGDA 20 kDa at 30 s. These results demonstrate the ability of this system to be tuned by initiator concentration and time regardless of macromer molecular weight. 
We previously reported the mechanism for redox diffusion-mediated crosslinking.233 Briefly, IG-coated substrates are placed into a solution of APS and polymer. As IG desorbs from the surface and diffuses into the solution, redox reactions between APS and IG form persulfate radicals that facilitate the polymerization of reactive polymer end groups. Hydrogels form with thickness that grows over time as IG diffuses further into solution. We previously reported tunable IG desorption based on initial soaking solution concentration and tunable thickness of composites with molecular weight (3.4 kDa and 6 kDa) and concentration (10 and 20 wt% 3.4 kDa). The current work extends our previous findings by demonstrating tunability with initiator concentration and furthering trends in hydrogel thickness growth with time to high molecular weight macromers.233 
Growth kinetics stemming from the diffusion-mediated crosslinking system were common to each composition tested. The specific effect and mechanism of compositional impact on thickness was further investigated. Increased initiator concentration (0.05 to 0.1 wt%) resulted in thicker hydrogel coatings at each time point (Figure 4.4A, p < 0.01, n = 12). This increase in thickness was hypothesized to be a result of faster crosslinking kinetics at higher initiator concentrations. It is well established that higher concentrations of redox reactants result in faster gelation time.237, 239 Increased molecular weight (3.4 to 20 kDa) resulted in thicker hydrogel coatings at all time points (Figure 4.4A, p < 0.001, n = 12). This result is consistent with our previous findings between PEGDA 3.4 and 6 kDa coatings where molecular weight differences were consistent with swelling ratio differences, both explained by an increased average distance between crosslinks.233 The swelling ratio of PEGDA 3.4 kDa was 1.1 ± 0.1 as compared to 1.5 ± 0.2 for 20 kDa, supporting this hypothesis for higher molecular weights (Figure 4.4B, p < 0.0001, n = 12). Increased concentrations of polymer (10 to 20 wt% PEGDA 20 kDa) resulted in thicker hydrogel coatings at all time points (Figure 4.4A, p < 0.001, n = 12). The swelling ratios of PEGDA 20 kDa at 10 wt% and 20 wt% were not significantly different at 1.5 ± 0.2 as compared to 1.7 ± 0.1 for 10 and 20 wt%, respectively (Figure 4.4B, n = 12). This result was contrary to our previous findings for PEGDA 3.4 kDa, where increased macromer concentration resulted in hydrogel coatings with insignificant thickness differences but significant differences in swelling ratio.233 In our previous study, swelling ratios were determined by swollen over dry composite mass. In this study, swelling ratio reflects differences between as-cured and swollen thickness. Although the dimensional swelling ratios were not significant, differences in as-cured and swollen thicknesses were. As-cured hydrogel thickness for 10 wt% PEGDA 20 kDa was 210 ± 40 µm as compared to 300 ± 20 µm for 20 wt% (30 s, Figure 4.5A, p < 0.0001, n = 12). In this system, faster crosslinking kinetics lead to thicker coatings with APS concentration. It was hypothesized that increased viscosity and number of functional groups at higher macromer concentration additionally lead to faster crosslinking kinetics in this diffusion-mediated system, though further study is needed. These results demonstrate the high degree of tunability in the redox diffusion-mediated crosslinking system and highlight the number of necessary factors for consideration to successfully implement this methodology. 
Comparison of the similarities and differences of the redox diffusion-mediated and photopolymerization crosslinking systems is important for the design of studies using hydrogel coatings. In terms of composite swelling, smaller swelling ratios are seen in the redox diffusion-mediated system for all compositions (10 wt% PEGDA 3.4 kDa: p < 0.0004; 10 wt% PEGDA 20 kDa: p < 0.0001; 20 wt% PEGDA 20 kDa: p < 0.0001; n = 9; Figure 4.5B). For 10 wt% PEGDA 3.4 kDa compositions, photoinitiated coatings had a swelling ratio of 1.4 ± 0.3 in comparison to 1.1 ± 0.1 for the redox diffusion-mediated platform (Figure 4.5B, p < 0.0001, n = 9). For the redox-mediated crosslinking system, thickness can be controlled with initiator concentration and time. Conversely, the photoinitiated system allows control solely through molding. Importantly, only the redox-mediated crosslinking system allows for thickness control for arbitrary geometries. Broadly, greater tunability with the redox system enables greater control over thickness. Both systems require consideration of swelling effects on final composite thickness. but more complex kinetic effects must be considered for successful implementation. Compositional control is possible with both methods, though more careful consideration of the effects of composition must be taken with the redox diffusion-mediated platform. 

[bookmark: _Toc108643608]Figure 4.5: Swelling effects on thickness of hydrogel coatings. A) Diffusion-mediated redox hydrogel coatings, all replicates for i) molecular weight (10wt%) and ii) concentration (PEGDA 20 kDa) comparisons (n=12). C) Swelling ratios of UV and redox compared for similar compositions.
[bookmark: _Toc108641503]4.3.3 Preventing Delamination of Redox-Initiated Hydrogel Coatings
Preliminary studies of the diffusion-mediated redox system conducted with high molecular weight PEGDA 20 kDa resulted in delamination after swelling. This delamination was not seen in earlier studies conducted with lower molecular weight PEGDA 3.4 kDa (Figure 4.6A). The ability to utilize higher molecular weight macromers is essential for a translatable crosslinking methodology considering their role in the design of robust bulk hydrogels.206, 220 Towards the goal of designing a highly tunable crosslinking platform for broad translation, we set out to study the mechanism of delamination in order to prevent it. 
Hydrogel delamination is the result of a failed balance of swelling forces and cohesive strength with the substrate. Swelling forces pulling the hydrogel away from the substrate dominate the cohesive forces keeping the hydrogel adhered to the substrate. Delamination, then, can be the result of strong swelling forces or weak adhesive forces. PEGDA 20 kDa hydrogels have a high degree of swelling but delamination was not seen in UV coatings despite their higher degree of dimensional change with swelling (Figure 4.6A). In this study of hydrogel coatings on porous substrates, the adhesive forces keeping the hydrogel attached to the substrate are based on interdigitation. It was hypothesized that delamination in the redox diffusion-mediated crosslinking platform was due to poor interdigitation with the substrate failing to prevent the high degrees of swelling of high molecular weight macromers from causing delamination. We continued our investigation by focusing on improving network interdigitation. 
To understand interdigitation, surface interactions of the substrate and hydrogel precursor solution in the photopolymerization and redox systems were considered. In preparation for photopolymerization, substrates are soaked in the polymer solution prior to crosslinking to ensure solution infiltration. In the redox system, substrates are exposed to the polymer solution upon crosslinking, and gelation occurs in as little as 10 s. The redox system relies on desorption of IG from the mesh as well as diffusion of APS and polymer into the mesh. This substrate has ~12 µm sized pores, significantly larger than the hydrodynamic radius of PEGDA even at 20 kDa, 7.4 nm.240 This size difference should prevent diffusivity issue. However, high macromer viscosities slow diffusion (10 wt% PEG 3.4 kDa = 3.54 ± 0.38 mPa*s; 10 wt% PEG 20 kDa =14.44 ± 0.17 mPa*s), and viscosity is further increased during gelation. Because gelation occurs so quickly in the redox platform, there is only a short period of time allowed for the precursor solution to infiltrate the mesh. When cure rates are fast and the time to gelation short, high viscosity precursor solutions do not have time to infiltrate the mesh (Figure 4.6B). After developing this mechanistic description of interdigitation in the redox system, we next move on to addressing it. 

[bookmark: _Toc108643609]Figure 4.6: Delamination considerations in the design of redox-initiated hydrogel coatings. A) Representative images displaying the effect of macromer molecular weight on swelling-induced delamination of hydrogel coatings. B) Schematic of hydrogel interdigitation in redox-initiated hydrogel coatings as a function of precursor solution viscosity and cure rate. C) Minimum APS concentrations required for hydrogel gelation as an effect of macromer molecular weight and concentration. (n=12).

To ameliorate the issue of delamination, crosslinking dynamics in the redox system were considered. It was hypothesized that decreasing cure rate and prolonging cure time could improve interdigitation by allowing more time for macromer diffusion into the substrate (Figure 4.6B). Increasing APS concentration results in faster onset of gelation and complete network formation in bulk hydrogels.239 To slow the cure rate while still forming a gel, the minimum APS concentration necessary for a hydrogel coating to form was investigated (Figure 4.6C). For both PEGDA 3.4 and 20 kDa at 10 wt%, 0.05 wt% APS was the minimum concentration necessary to consistently form a hydrogel at a 20 s immersion time (n = 12, Figure 4.6C). This APS concentration was used to conduct the thickness studies described in the prior section of this work. Interestingly, 20 wt% PEGDA 20 kDa formed a hydrogel with APS concentrations as low as 0.01 wt% (n = 12). Increasing macromer concentration increases both precursor solution viscosity and number of reactive groups. The number of reactive acrylate groups for 10 wt% PEGDA 3.4 kDa is 3x higher than that of 20 wt% PEGDA 20 kDa, yet 10 wt% PEGDA 3.4 kDa does not form gels at 0.025 wt%. The viscosity of 20 wt% PEGDA 20 kDa is ~20x higher than that of 10 wt% PEGDA 3.4 kDa. This comparison demonstrates the significant impact viscosity has on hydrogel formation in this system, supported by the increased growth kinetics demonstrated with 20 wt% PEGDA 20 kDa relative to 10 wt% PEGDA 20 kDa (Figure 4.4A). 
Despite the increased diffusional time at the lower APS concentration, delamination of the 10 wt% PEGDA 20 kDa hydrogels was observed and the coatings were qualitatively softer than coatings fabricated at higher APS concentration. To understand this phenomenon, crosslinking dynamics were further investigated. In the original redox diffusion-mediated crosslinking method, the redox reaction is quenched immediately after removal of the coating from the soaking solution. It was hypothesized that this immediate reaction quenching results in lower crosslinking densities when APS concentrations are low relative to higher initial concentrations (Figure 4.7A). Our previous work demonstrates that IG desorbs from the mesh substrate for longer periods than the 30s immersion time used in this investigation.233 It was hypothesized that excess IG in the composite could react with any unreacted APS in the as-formed hydrogel to continue building crosslinking density after removal of the composite from the precursor solution (Figure 4.7A). To test this hypothesis, the effect of prolonged crosslinking duration was assessed for 10 wt% PEGDA 20 kDa hydrogels at 0.05 wt% APS (Figure 4.7B-C). Composites were either quenched immediately after initial crosslinking or allowed to sit overnight. Their thicknesses as-cured and after overnight swelling were determined (Figure 4.7B). Swollen thicknesses with prolonged crosslinking via an overnight sit were significantly lower than the no sit condition (p < 0.0001, n = 12). Lower swelling indicates the crosslinking density of the network was improved with an overnight sit. Further, immediate delamination after overnight swelling was eliminated with the introduction of an overnight sit (Figure 4.7C). Improved crosslinking density limited swelling forces and prevented rapid delamination. These results demonstrate the importance of considering crosslinking dynamics to form robust hydrogel coatings. To enable successful utilization of the redox diffusion-mediated crosslinking platform with high molecular weight macromers, the methodology of the redox-mediated crosslinking system was then updated. Concentrations of IG and APS were both lowered from our initial publication (3 wt% IG and 0.05 wt% APS vs. 5 wt% IG and 0.137 wt% APS in this publication and the previous, respectively)233 to slow cure rate. Additionally, a prolonged crosslinking period after dip coating was introduced to allow crosslinking to continue in air to facilitate complete network formation (Figure 4.7D). These changes enable more robust hydrogel coatings. 

[bookmark: _Toc108643610]Figure 4.7: Impact of crosslinking duration on delamination of redox-initiated hydrogel coatings. A) Schematic depiction of crosslinking density over time as a function of initial initiator concentration. B) Effect of crosslinking duration on the thicknesses of hydrogel coatings immediately after cure and after swelling (10 wt% PEGDA 20 kDa, 0.05 wt% APS solutions, n=12). C) Representative images of hydrogel coatings as cured and after swelling for 24 hours (10 wt% PEGDA 20 kDa, 0.05 wt% APS solutions, n=12). D) Schematic representation of updated crosslinking method. A coated substrate is immersed in polymer and APS solution, initiating crosslinking reactions. Hydrogel thickness grows with time. Hydrogels are allowed to continue curing overnight after removal from the crosslinking solution. Hydrogels are swollen and residual redox reagents are removed to terminate the reaction. * indicates a significant difference at p < 0.0001. Scale bar represents 1 mm.
[bookmark: _Toc108641504]4.3.4 Substrate Considerations
Common to both photopolymerized hydrogel coatings and redox-initiated hydrogel coatings is the importance of considering substrate effects. To characterize basic substrate elements, we investigated the role of substrate microarchitecture and hydrophobicity in these methods. First, photopolymerized and redox-based hydrogels were formed on electrospun meshes with two fiber sizes (1 and 10 µm, Figure 4.8A). Both composites successfully formed on these meshes (n=3) without sensitivity to the microarchitecture despite the dependence of these methods on substrate porosity. Next, solution penetration of the hydrophobic polyurethane mesh was assessed (Figure 4.8B). Without pre-treatment, a 10 wt% PEGDA 20 kDa solution cannot penetrate the mesh. When meshes are coated in hydrophilic IG for use in redox initiation, some wetting of the hydrophobic substrate occurs. However, full solution penetration is heterogeneous. For photopolymerized hydrogel coatings, hydrophobic substrates can be used after running a graded ethanol ramp to improve wettability. For redox-diffusion mediated crosslinking, it is important not to let the IG-coated mesh dry fully before immersion in the polymer solution to prevent the mesh from drying out (Figure 4.8B).

[bookmark: _Toc108643611]Figure 4.8: Substrate considerations for both crosslinking modalities. A) Effect of electrospun mesh fiber size on composites (10 wt% PEGDA 20 kDa) for UV and redox crosslinking methods. B) Hydrophobic substrates prevent effective wetting. Pre-wetting with an ethanol ramp improves polymer diffusivity into mesh for UV coatings. Redox coatings start with an initial step of coating electrospun mesh substrates with iron gluconate through adsorption. After this process, meshes can either be fully dried or partially dried. Effect of dry time is shown. The white scale bar represents 5 µm and the black outlined scale bar represents 500 µm.
[bookmark: _Toc108641505]4.4 Conclusion 
The studies presented here provide design considerations for implementation of the well-established photopolymerization crosslinking method and the recently developed redox initiated hydrogel coating method. Photopolymerization gelation kinetics have been rigorously characterized by many researchers, including factors such as reaction kinetics, polymer diffusivity, and complicating factors such as auto acceleration and auto deceleration.241-247 Redox-based crosslinking methods are diverse and include many redox pairs with unique reaction kinetics.239, 248-253 Introducing further complexity to a redox-mediated process by taking advantage of diffusion-dependent kinetics requires further characterization for successful implementation.163 Use of the redox diffusion-mediated crosslinking system presented here specifically requires careful consideration of the interplay of viscosity and crosslinking rate on the hydrogel system. Macromer viscosities and functional groups can vary widely depending on the system used. If conformability and a high degree of control over thickness are important in a hydrogel coating application, these factors should be explored for the utilization of this methodology.  
The mechanisms proposed in this work can be used by other researchers to tune this platform to their systems. To implement the redox diffusion-mediated platform, a stepwise protocol development is suggested. First, researchers should characterize adsorption/desorption kinetics of their desired redox coupling pair to be coated on the substrate. Next, they must determine the minimum concentration of the redox pair in solution that reliably forms hydrogel coatings in the desired timeframe. Then, they must determine how long the reaction must be continued after dip-coating to reach desired crosslinking densities. Finally, they can characterize the growth kinetics of their hydrogel coating under these set conditions to develop a robust and tunable hydrogel coating methodology. Redox diffusion-mediated crosslinking is highly adaptable for researchers who require conformable hydrogel coatings. 
In this work, thickness tuning with both hydrogel coating methodologies was described and design parameters for control over both defined. Delamination issues with the redox-based method were described, and a solution based on reaction kinetics was proposed. Finally, substrate considerations for both methods were described. Overall, this study describes and provides tools for the utilization of two important methods for hydrogel coating fabrication, both with their own benefits and limitations. Importantly, this study enables fabrication of high molecular weight hydrogel coatings for damage resistant applications. 
[bookmark: _Toc108641506]
Chapter V:  Cardiovascular Tough Hydrogel Coatings
[bookmark: _Toc108641507]5.1 Introduction
Stiff and durable bulk hydrogels were developed in Chapter III, and the coating methodology described in Chapter II was expanded in Chapter IV to enable fabrication of high molecular weight hydrogels necessary for durable hydrogel. In the culmination of this work, IPN hydrogel coatings formed with the redox diffusion-mediated were explored. To contextualize this work, we return to the clinical need described in Chapter 1.2 and reiterate the design requirements of multilayer vascular grafts.
Current synthetic vascular grafts under 6 mm suffer from high failure rates due to thrombosis and intimal hyperplasia.254-257 A synthetic graft with improved arterial-matching mechanical properties and thromboresistance could expand treatment options and address the limited supply of autologous vessels for coronary artery bypass surgery. Given the difficulty in achieving both biomechanical and biological criteria in a single material, researchers have explored multilayer approaches that mimic native vessel structures.16, 258 Our lab has developed a multilayered vascular graft with an electrospun mesh sleeve that provides arterial-matching mechanical properties and a poly(ethylene glycol)(PEG)-based hydrogel coating with integrin-targeting bioactive properties to induce rapid endothelialization post-implantation for sustained thromboresistance.8, 30, 150 Prior research has demonstrated the acute thromboresistance of these grafts due to the non-fouling nature of the hydrogel.8, 30, 140, 154 Introduction of integrin-targeting proteins promoted endothelial cell adhesion, migration, and a hemostatic phenotype that can support sustained thromboresistance.25, 26, 29-31 Additional studies demonstrated that these multilayer grafts can be dried and sterilized for off-the shelf use without affecting graft properties.33 Despite these promising results, initial evaluation in porcine studies revealed surgical damage to the hydrogel coating of the vascular grafts. A durable hydrogel network that addresses these failure mechanisms, is compatible with a coating approach, and maintains these established properties must be developed before multilayered small diameter vascular grafts can be evaluated further.  
Few studies have reported on tough hydrogel coatings for cardiovascular applications to date, and all use surface-initiated polymerization.9, 10 In 2020, Parada and coworkers developed a 10 µm thick N, N-dimethylacrylamide hydrogel coating on Tygon cardiopulmonary bypass tubing that showed improved patency from uncoated controls.9 In 2021, Zhang and coworkers reported an antimicrobial poly(acrylamide)/poly(acrylic acid) hydrogel coatings on PVC, PDMS, and polyurethane tubes that reduced platelet adhesion and activation relative to the uncoated PVC substrate.10 In this work, we describe the development of PEG-based IPN hydrogels for multilayer vascular grafts. A benefit of IPNs is their fabrication via sequential crosslinking, where a second network is swollen into the first network hydrogel. In this manner, a first network can set the thickness and conformability of the overall construct, and the second network can be added to introduce damage resistance. We previously reported a redox diffusion-mediated crosslinking methodology that facilitates the crosslinking of conformable hydrogel coatings of tunable thickness with time and composition.233 In this work, we demonstrate an extension to this crosslinking methodology by using a sequential IPN approach to incorporate damage resistance and bioactivity to our first network while maintaining conformability.  
In this study, we demonstrate the utility of this IPN coating approach to generate multilayered, small caliber vascular grafts with improved damage resistance. The primary network was composed of biostable PEG-urethane diacrylamide (PEUDAm, 20kDa) and the second, bidentate hydrogen bonding monomer N-acryloyl glycinamide (NAGA).218 Fabrication of conformable IPN coatings with a two-step approach was explored, combining redox diffusion-mediated crosslinking and photopolymerization. Mechanical durability of the composites under surgical handling (suturing, torquing, extension) was then explored. Finally, we characterized the resistance of the grafts to bacterial adhesion and platelet attachment and the promotion of cell adhesion via second network protein incorporation. Collectively, these studies establish the utility of a new hydrogel network design for application in cardiovascular devices. Hydrogel coatings are applicable to a wide range of biomedical devices and beyond, and we hope this work will pave the way to future design of damage resistant hydrogel coatings in many fields.   
[bookmark: _Toc108641508]5.2 Materials and Methods
Materials 
Reagents were purchased from Sigma-Aldrich and used without further purification unless otherwise noted.  
Fabrication of Electrospun Vascular Grafts 
Bionate® Segmented Polyurethane (DSM Biomedical Inc., Berkeley, CA, USA) was dissolved at 24 wt% in dimethylacetamide. Electrospun polyurethane meshes were fabricated by pumping polymer solutions at a rate of 0.5 mL h-1 from a 20-gauge blunted syringe needle onto a 5 mm rotating rod (500 RPM) positioned 50 cm from the needle tip. Prior to spinning, the rod was dip coated in a 5% 35 kDa PEG in dichloromethane solution to facilitate graft removal. The 5 mm mandrel was charged at -5 kV and the needle tip at +17-20 kV using a high voltage source. Spinning was run for one hour or until the desired thickness was achieved (~0.15 mm). Electrospinning was performed under ambient conditions (relative humidity 45-50%, temperature 21-22 °C). Following spinning, the rods were submerged in water for a minimum of one hour to dissolve the PEG layer and enable graft removal. Three sections per mesh with five images taken per section under scanning electron microscopy for a total of 15 images. Utilizing ImageJ, fiber diameter was obtained by drawing a midline through the image and measuring the first 10 fibers that crossed the line for a total of 150 measured fibers per graft spun. Fabrication of electrospun mesh sheets was conducted as described in Chapter II. 
Synthesis of PEGDA and PEUDAm 
Synthetic details are described in Chapter III.
Composite Fabrication and Characterization  
Redox-initiated hydrogel coating of electrospun polyurethane meshes was performed as previously described with minor modifications.233 Briefly, mesh substrates (0.12-0.19 mm thick) were passed through a graded ethanol ramp (70%, 50%, 30%, and 0% ethanol in water, 15 minutes each) prior to use to ensure adequate wetting of the substrate. Meshes were coated in a solution of iron gluconate (IG, 3 wt% [Fe2+] as determined with the Ferrozine Assay (SI Methods 2) via adsorption by soaking ramped meshes in IG for 15 minutes. After soaking, meshes were briefly dipped in methanol then dried under compressed air for one minute. After drying, meshes were immediately transferred to 3D printed clamps and immersed in aqueous solutions of 10 wt% PEUDAm 20 kDa and ammonium persulfate (APS, 0.05 wt%). For thickness studies, IG coated meshes (5x10 mm, n = 12) were immersed for 10, 20, or 30 seconds in a 96 well plate. For all other studies, IG coated meshes (20 x 20 mm, n = 1 to yield 4, 8 mm punches) were immersed for 10 or 20 seconds in a custom 3D printed well plate. After fabrication, composites were allowed to continue crosslinking until dry (2 hours to overnight). All composites were washed in deionized water with three exchanges of water at 10 min, 15 min, and overnight to remove the sol fraction.  
IPN hydrogel coatings were fabricated in a sequential manner similar to bulk gels. Dry, hydrogel coated meshes fabricated as described above were soaked in a solution of 20 wt% pNAGA, 0.1mol% bisAAm, and 2 wt% Irgacure 2959 overnight protected from light at 0°C. IPN coatings were placed on glass slides without molding and were cured via photopolymerization on a UV transilluminator for 12 minutes on each side. IPN coated specimens were prepared for use in the following assays by washing in deionized water with three exchanges to remove the sol fraction. 
Thickness of hydrogel coatings was measured as a function of time (10, 20, and 30 s, n = 12) and after addition of the second pNAGA network. First network coating thickness was measured after overnight swelling and trimming of edges using a force-normalized caliper (Mitutoyo). Final thicknesses of the swollen IPN coatings were determined after crosslinking and overnight swelling. Thicknesses immediately after crosslinking were difficult to characterize due to dimensional changes during crosslinking caused by evaporation. Effective pNAGA concentrations were determined by measuring the mass increase of dry composites after overnight swelling and dividing by composite volume. 
Stretching Damage  
 
Delamination of the hydrogel coating after uniaxial stretching was assessed as a measure of coating durability. Hydrogel composites were prepared from photopolymerized PEGDA 3.4 kDa or large (20 x 20 mm) IPN composites at swollen thicknesses of 0.3 and 0.8 mm (n=6). Samples were cut to 15 x 5 mm. Hydrogels were dyed with food coloring for better visualization of failure. The composite materials were placed between the grips of a Dynamic Mechanical Analyzer (TA Instruments) and strained to 100% at a rate of 1 mm/s. Composite stretching was video recorded. The point at which visible damage to the hydrogel coating occurred was noted and strain at hydrogel coating failure was determined at this point. Strain was determined by measuring the length of the hydrogel coating region before and at the end of testing to minimize the effect of the electrospun mesh substrate yielding.  
Suture Damage 
Suture damage was characterized by counting the number of particulates dislodged during the pass of a suture needle and thread through a sample. Hydrogel coatings were fabricated as described above and soaked in deionized water overnight. A 7-0 suture (Ethicon) was passed through the hydrogel (n=9). Dislodged hydrogel particles were visualized and counted under a stereoscope (Olympus SZ61).  
Torquing Damage  
Torquing-induced damage of hydrogel vascular graft composites was characterized for IPN hydrogel coatings as compared to PEGDA photopolymerized hydrogel coatings (n=3). Tubular composites (5 mm inner diameter, 2 cm long, 0.2 mm inner hydrogel thickness) were gripped in the center region tightly with forceps and twisted 180°. Composites were cut open longitudinally and damage to the inner hydrogel coating was visualized under a stereoscope (Olympus SZ61).     
Physiological Conditioning 
 
Resistance to delamination under pulsatile flow was characterized for IPN hydrogel coatings. Tubular composites (5 mm inner diameter, 4 cm long, 0.2 mm inner hydrogel thickness) were sterilized via ethylene oxide (n=3). A physiological flow setup was developed with a Masterflex L/S variable speed peristaltic pump (Cole-Parmer) fitted with a Masterflex L/S pump head to provide pulsatile flow and induce pressure at intraluminal pressure (120/80 mmHg). Pressure was maintained with an external pump (kd Scientific) set to a flow rate of 1.6 mL/hr and monitored (SSI Technologies, Inc. MediaGauge).  Tubular composites were mounted to the testing chamber and ends were secured to Teflon mounts. The flow loop was filled with a 45% glycerin solution with a dynamic viscosity of 3.5 mPa*s at 37°C,259 similar to blood in the coronary artery.260 Grafts were placed in a 37°C water bath and tested at a flow rate of 2 mL/s for a period of 1 week. Grafts were removed from the flow loop, the distal and luminal ends were cut off, and the remainder of the construct was cut open. Delamination at the graft edges and along the center was visually assessed.  
Protein Adsorption 
Protein adsorption to hydrogel coatings was determined as described by Swartzlander et al. with minor modifications.261 Hydrogel coatings (3.4 kDa, IPN), and uncoated mesh samples were soaked in FBS overnight at 37°C. FBS was removed and samples were washed once with PBS. Samples were moved to a solution of 50 mM ammonium bicarbonate and sonicated for 15 minutes at 40°C. Solutions were snap frozen in liquid nitrogen and lyophilized. Total protein mass was quantified using the bicinchoninic acid (BCA) assay kit (BioVision) per manufacturer’s instructions (n=8). Absorbance measurements were taken (Tecan Infinite M Nano+) and results analyzed via a standard curve. 
Platelet Attachment 
Platelet attachment was characterized as described previously as an initial measure of thromboresistance.8 IPN hydrogel composites, PEGDA 3.4 kDa hydrogel composites, and uncoated mesh samples were prepared in 8 mm punches and soaked in FBS overnight at 37°C. Samples were washed once with PBS to remove no adhered protein, then placed in a 48 well plate. Platelets were isolated from human whole blood drawn from a volunteer in heparin. Whole blood (8 mL) was centrifuged at 990 rpm for 15 minutes to isolate the protein rich plasma (PRP) layer. The PRP layer was removed, prostacyclin added at 10 μL/mL, and centrifuged again at 1500 rpm for 10 min to form a platelet pellet. The pellet was resuspended in CGS buffer for washing and centrifuged again at 1500 rpm for 10 min. The platelets were then resuspended in Tyrode’s buffer at half the original volume of PRP. Sudan B Black solution (5% in 70% ethanol) was added to the platelet solution at a 1:10 ratio for 30 minutes at room temperature. The stained platelets were then washed with PBS 3 times by resuspending the pellet in PBS then centrifuging at 1500 rpm for 8 min. Platelets were counted and resuspended at a concentration of 10 x 106 platelets/mL in sterile PBS. The platelet suspension (500 μL) was added in each test well, and platelets were allowed to adhere to substrate for 30 min at 37°C on a shaking incubator. Samples were transferred to new wells and washed twice with PBS, then carefully placed into a new 48 well plate. Bound cells were lysed with 150 μL DMSO for 15 min at room temperature, then 150 µL PBS was added. Solutions were moved in triplicate to a 96 well plate and absorbance was read on a spectrophotometer (Tecan Infinite M Nano+). 
Endothelial Cell Adhesion  
Bioactivity was conferred to the hydrogels via covalent incorporation of collagen functionalized with acrylamide-PEG-isocyanate linker as described previously (functionalization of ~10% of the available lysines).31 For bulk hydrogels, collagen was added directly to the polymer solution at 6 mg/mL. For IPN hydrogel coatings, an aqueous solution of collagen (6mg/mL) was added on top of the NAGA-swollen composites prior to photocuring. Circular specimens (D = 8 mm) were punched from hydrogel slabs or 20 x 20 mm coatings and placed into a 48 well plate. Human umbilical vein endothelial cells (HUVECs) were cultured in EGM-2 cell media (Lonza), harvested for use at passage P4-P6, and seeded at 12,000 cells per well. Cells were allowed to attach for 3 hours, then washed twice with warm 10 mM phosphate buffered saline (PBS). Specimens were fixed with 3.7% glutaraldehyde and stained with rhodamine phalloidin (actin/cytoskeleton) and SYBR green (DNA/nucleus). Samples were imaged with a fluorescence microscope (Nikon Eclipse TS100) and cell adhesion was quantified (n = 12). 
Statistical Analysis 
The data for all measurements are displayed as mean ± standard deviation. An analysis of variation (ANOVA) comparison utilizing Tukey’s multiple comparison test was used to analyze the significance of data among multiple compositions. All tests were carried out at a 95% confidence interval (p < 0.05).
[bookmark: _Toc108641509]5.3 Results and Discussion
The development of a durable and bioactive hydrogel coating for cardiovascular devices would have significant impact on cardiovascular device outcomes. In this study, a bioactive and thromboresistant IPN hydrogel coating that successfully resists surgical damages is described. IPN networks were chosen as a desirable approach for achieving simultaneous high water content, stiffnesses appropriate for endothelial cell adhesion and spreading, and damage resistance as described in Chapter III. The redox-initiated coating method described in Chapters II and IV was expanded upon to enable conformable IPN hydrogel coatings. Finally, we characterized the ability of these coatings to resist surgical damage while maintaining requisite biological properties.
[bookmark: _Toc108641510]5.3.1 Thin conformal coatings with redox-initiated crosslinking  
Retention of thickness tunability of the diffusion-mediated platform with IPN coatings was assessed, as was successful incorporation of NAGA into the networks. In these studies, first network coatings were fabricated with 10 wt% PEUDAm 20 kDa with the redox diffusion-mediated method for 10, 20, or 30s immersion times (Figure 5.1A). Then, NAGA solutions were soaked into the networks overnight (Figure 5.1B). Finally, photopolymerization was used to crosslink the networks, and thickness was characterized at equilibrium swelling (Figure 5.1C). 

[bookmark: _Toc108643612]Figure 5.1: IPN hydrogel coating fabrication and characterization. A-B) Schematic of redox IPN fabrication process. A) The PEG-based first network sets the thickness of the hydrogel layer, crosslinked via the redox diffusion-mediated crosslinking mechanism. B) NAGA, bisAAm, and photoinitiators are swollen into the first network and cured via photo-initiation. Small molecules diffuse into the mesh substrate, improving laminate strength of the hydrogel construct upon polymerization between mesh and PEG hydrogel layers. C) Effect of immersion time on coating thickness of the first network and the second network at equilibrium state (n=9). D) Effect of immersion time on effective second network concentration (n=9). 
Changes in hydrogel coating thickness with first network immersion time and upon incorporation of the pNAGA second layer were characterized (Figure 5.1C). Hydrogel thicknesses for the first network increased with immersion time from 56 ± 18 µm at 10 s to 258 ± 37 µm at 30 s (n = 9). Thickness differences at all time points were significant (p < 0.001, n = 9). Hydrogel thickness growth with time was maintained in the final IPN network with thicknesses ranging from 50 ± 25 µm at 10 s to 176 ± 30 µm at 30 s (n = 9). Thickness differences at all time points remained significant (p < 0.0001, n = 9). Differences in thickness between the first and second networks were significant at 20 and 30 s (p < 0.0001, n = 9). The effective concentration of pNAGA in the second networks was characterized across first network immersion times as a measure of second network incorporation (Figure 5.1D). All immersion times resulted in concentrations close to 20 wt% with no significant differences (n = 9). For 20 and 30 s coatings, averages were 23 ± 5 wt% and 20 ± 3 wt%, respectively (n = 9).  
The redox initiated crosslinking method was successfully implemented with PEUDAm 20 kDa networks. Growth kinetics enabled a 5-fold increase in thickness over a 20s-time difference in immersion. IPNs were successfully fabricated for each immersion time as evidenced by mass increases after swelling. It was hypothesized that decreases in thickness with IPN incorporation were a result of differences in swelling ratios between PEUDAm and pNAGA SN and the resultant swelling ratio of their IPN. PEUDAm IPNs have lower swelling ratios than PEUDAm SNs (6.1 ± 1.3 vs. 29 ± 0.33, p < 0.0001, Figure 5.2). Upon IPN fabrication, dimensional restrictions caused by increased crosslinking density prevent swelling to the same thickness as the first network alone. IPN coatings are predicted to have similar properties to the bulk hydrogels, as the effective incorporation matches concentrations of the bulk gels. However, further characterization of surface mechanical properties via nanoindentation is needed to validate this hypothesis. Importantly, IPN hydrogel coatings retain the conformability of the redox diffusion-mediated coating methodology. Thin hydrogel coatings are desirable for small diameter vascular grafts, as the luminal diameter is important and initially set by the substrate. IPN coatings qualitatively improve the network stiffness while maintaining conformability, tunability, and limiting thickness.  

[bookmark: _Toc108643613]Figure 5.2 Swelling ratios of PEUDAm 20 kDa IPNs relative to component single networks. **** represents p < 0.0001.  
[bookmark: _Toc108641511]5.3.2 Damage resistance of IPN hydrogel coatings 
After successful fabrication of IPN hydrogel coatings, resistance to various surgically associated damages was characterized. Damage resistance of IPN hydrogel coatings was assessed relative to damage-prone PEGDA 3.4 kDa hydrogel coatings (Figure 5.3). Namely, the hydrogel coatings’ resistance to suturing, stretching, torquing, and physiological conditioning was assessed. 
Resistance to particulate generation during suturing is essential for material implantation. Passing a suture needle through hydrogel composites resulted in a significantly lower number of dislodged particles in IPN coatings as compared to 3.4 kDa coatings (p < 0.0001, n = 12, Figure 5.3A). Previously, suture damage resistance was increased by incorporating N-vinyl pyrrolidone into PEGDA 3.4 kDa hydrogel networks.8 The incorporation of this monomer increased the fracture energy of the hydrogel network, and resistance to particulate generation was correlated to this mechanical property. Fracture properties with the fabrication of IPN were greatly improved as described in Chapter III, and IPN coatings showed only a small amount of particulate generation (Figure 5.3A). IPN coating resistance to suturing damages can loosely be attributed to its ability to effectively dissipate mechanical energy. Hydrogel particulates can result in embolism if dislodged into the bloodstream. Future studies should characterize methods to eliminate particulate generation from the IPN coatings entirely, perhaps by exploring the impact of hydrogel thickness and improving suturing technique.  

[bookmark: _Toc108643614]Figure 5.3: Characterization of damage resistance of IPN hydrogel coatings. A) Resistance of hydrogel coatings to particulate generation during suturing (n = 12). B) Stretching damage resistance of thin (0.3 mm) and thick (0.75 mm) hydrogel coatings and representative images of thin coatings (n = 6). C) Resistance of vascular graft hydrogel coatings to torqueing damages of gripping and twisting with forceps (n=3). D) Resistance of sterilized IPN hydrogel coated vascular grafts to delamination under pulsatile flow (n=3). The * represents a significant difference at a 95% confidence interval.  
Stretching damage characterization was used as a qualitative measure of the cohesive strength of coatings to the underlying substrate.262 Stretching of IPN coatings to measure the resistance of these networks to delamination and ability to deform under handling was an essential first pass in durability assessment (Figure 5.3B). Stretching hydrogel composites to 100% strain resulted in complete failure of 3.4 kDa coatings, causing both hydrogel fracture and delamination (n = 6). In contrast, IPN coatings were able to strain to 100% without delamination or damage to the coatings (Figure 5.3B, n = 6). This resistance is attributed to high cohesive strength of the IPN within the underlying substrate and the high ultimate elongations of the IPNs. 
Next, resistance of the hydrogel composites to torqueing damage was assessed to determine durability under surgical forceps handling as would be experienced during implantation. A 180° twist was implemented as an extreme of what the materials may need to handle in a surgical suite. Torqueing damage was assessed by applying this 180° twist while applying pressure with hemostats to hydrogel coated vascular grafts (Figure 5.3C). All 3.4 kDa coated grafts showed significant damage and exposure of the underlying substrate, whereas no IPN samples showed damage (n = 3, Figure 5.3C). This resistance to damage is again attributed to high ultimate elongations as well as mechanical energy dissipation.  
Finally, the ability of IPN hydrogel coatings to resist delamination under physiological flow was assessed. Vascular graft composites cut to 4 cm were run for a week at 37°C under pulsatile flow set to adult pulsatile conditions (n = 3, Figure 5.3E). Upon removal, edges were sectioned, and the remainder of the sample was opened to assess delamination. IPN composites did not show signs of delamination, and cross sections at distal and ventral ends showed no damage (Figure 5.3E). IPN hydrogel coatings therefore show promising robustness under physiological conditions. IPN coatings prevent four types of surgically and physiologically associated damages. Deeper characterization of IPN cohesive strength could be assessed to determine the specifics of coating strength. However, these studies provide a promising starting point for the ability to translate these materials.  
[bookmark: _Toc108641512]5.3.3 Biological Properties of IPN Hydrogel Coatings 
After demonstrating the robustness of IPN hydrogel coatings, characterization of protein adsorption, platelet attachment, and endothelial cell adhesion was undertaken. For further investigation of these materials for vascular graft design, it is essential that the coatings prevent platelet adhesion, incorporate bioactive proteins, and promote cell adhesion. 
Protein adsorption is the first step of the coagulation cascade that leads to acute thrombosis. Protein adsorption was assessed as an initial measure of thromboresistance (Figure 5.4A). IPN and 3.4 kDa hydrogel coatings had the lowest protein adsorption at 8.8 ± 3.7 and 5.0 ± 2.9 µg/cm2, respectively, significantly lower than the ePTFE clinical control (p < 0.0001, n = 12). Attachment to the different hydrogel coating compositions was not significantly different. Previous studies of PEG hydrogel coatings have demonstrated minimal protein adsorption.154 Surfaces that are charge-neutral and have a strongly absorbed surface water layer are able to reduce protein adsorption via competitive hydrogen bonding interactions with water molecules.18 The strong intermolecular hydrogen bonding of pNAGA hydrogels was suspect to increase protein adsorption to the IPN hydrogel coatings. Recently, Wang and coworkers demonstrated a zwitterionic pNAGA copolymer with carboxybetaine acrylamide that showed reduced protein adsorption over pNAGA networks alone.263 Zwitterionic polymers are known to have non-fouling properties and mechanisms similar to PEG.18 This work indicates strategies that increase the hydrophilicity of pNAGA networks such as the IPN approach implemented here can limit hydrogel fouling. 

[bookmark: _Toc108643615]Figure 5.4: Biological interactions of IPN hydrogel coatings. A) Protein adsorption to material surfaces (n = 4). B) The effects of hydrogel coating and composition on static platelet attachment (n = 4). The * represents a significant difference from all other groups. C) Schematic depiction of protein incorporation in PEGDA vs. IPN hydrogel coatings. D) The effect of hydrogel composition on cell adhesion with or without incorporated functionalized collagen, scale bar = 100 µm (n = 12). The * represents a difference between groups with and without collagen (p < 0.05) in ANOVA with Tukey’s multiple comparison test. Data for all comparisons represents average ± standard mean deviation. 
Previous iterations of PEG-based hydrogel coatings developed in our lab demonstrated thromboresistance.8, 30 To assess retention of these properties in the IPN network, static platelet attachment was characterized (Figure 5.4B). All samples were coated with an FBS soak to better mimic physiological conditions. Platelet attachment was highest for the ePTFE graft (10 ± 0.92 x 106 platelets/cm2). PEGDA 3.4 kDa and IPN hydrogel coatings had significantly lower platelet attachment as compared to the clinical control (p < 0.0001, n = 12). There was not a significant difference between the PEGDA 3.4 kDa and IPN hydrogel coatings, indicating minimal impact of hydrogel chemistry on platelet adhesion. Further characterization of platelet activation and hemolysis must be conducted to determine the extent of innate thromboresistant properties of these materials. However, the static platelet attachment results here are satisfactory to demonstrate IPN hydrogel coatings are not significantly more thrombotic than PEGDA 3.4 kDa coatings. 
Sustained thromboresistance via the recruitment of an endothelium post-implantation is essential in the design of small diameter vascular grafts. The bioactivity of IPN hydrogel coatings was investigated by incorporating functionalized collagen at the surface of these networks and assessing the ability of endothelial cells to differentially adhere to bioactive substrates (Figure 5.4C). HUVEC attachment studies demonstrated a significant increase in HUVEC adhesion to both 3.4 kDa and IPN samples with incorporated collagen as opposed to blank coatings (p < 0.0001, n = 12, Figure 5.4D). HUVEC attachment was not significantly different between the 3.4 kDa and IPN hydrogel samples with 0.1x collagen (60 ± 15 and 69 ± 23 cells/mm2, respectively). Further, endothelial cell spreading was visualized on both 3.4 kDa and IPN hydrogels after 3 hours. These results indicate that the surface properties of bioactive IPN hydrogel coatings are similar enough to those of PEGDA 3.4 kDa coatings to mimic their bioactive properties. Future endothelial cell studies are needed to characterize the extent of endothelial cell spreading as well as migration towards the goal of demonstrating material endothelialization. Characterization of surface stiffness should also be conducted via nanoindentation to confirm similarity of surface mechanics. These results combined with resistance to protein adsorption and platelet attachment are promising for future application and further characterization of robust IPN coatings.  
[bookmark: _Toc108641513] 5.4 Conclusion
Our previous attempts to establish synthetic small diameter vascular grafts were halted due to hydrogel coating damage by surgeons during implantation in porcine studies. This work sought to incorporate the damage resistance of bulk IPN hydrogels in a coating platform that maintained the desirable thromboresistance and bioactivity of the previous hydrogel formulation. The IPN coating demonstrated tunable thickness and durability under surgical handling and physiological flow. Further, the IPN coating showed resistance to protein adsorption, platelet attachment, and successfully incorporated bioactive proteins to support endothelial cell adhesion and spreading. This is the first known reporting of a bioactive, robust hydrogel coating conformal to arbitrary substrates. The methods for forming conformable and highly tunable coatings conformal to material substrates presented in this work can be adapted to other macromers and porous substrates in a straightforward manner. This work adds important contributions to the present innovations in robust hydrogel coatings for biomedical devices.  
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Chapter VI: Conclusions and Future Work
[bookmark: _Toc108641515]6.1 Summary
	This work demonstrates the development of a durable hydrogel coating for multilayer vascular grafts. A new hydrogel coating crosslinking platform was designed to enable conformable coatings with tunable thickness. A physiologically relevant, damage resistant hydrogel formulation was developed to resist surgical damages. Finally, these platforms were combined to generate bioactive and durable hydrogel coatings. The innovations described in this process have the potential to extend to many other biomedically relevant hydrogel coating applications. 
	The second chapter of this work focuses on the development of a redox based, diffusion-mediated crosslinking platform. This methodology enables the formation of conformable hydrogel coatings with tunable thickness and chemistry. We first demonstrated controllable adsorption and desorption of iron gluconate to multiple material surfaces and geometries without changing material chemistry or fabrication processes, the basis of the diffusion-mediated redox reaction. Then, we demonstrated how this translated to hydrogel coating thickness control with immersion time. We showed how this method could be extended to generate hydrogel multilayer coatings including the ability to incorporate bioactive proteins at the material surface. This crosslinking method enables bioactive coatings of porous materials with a simple post-fabrication process amenable to diverse geometric substrates and chemistries. 
	The third chapter describes our journey to develop a bulk hydrogel composition with mechanical properties necessary to achieve damage resistance in a clinical setting and maintain bioactive properties of previous vascular grafts. Namely, we sought to develop a network with both high ultimate elongations and stiffnesses relevant to endothelial cell adhesion. In our initial studies of PEGDA systems, we observed a loss in stiffness with increased extensibility by shifting from PEGDA 3.4 kDa to higher molecular weights (20 and 35 kDa). We investigated three approaches to increase stiffness while maintaining high ultimate elongations. First, the impact of homogenization of PEG-based networks was assessed by comparing PEGDA properties to that of a TetraPEG based system. Then, the impact of hydrogen bonding groups in single network PEG-based hydrogels was assessed, both by designing a macromer with hydrogen bonds in its backbone and by implementing a copolymerization strategy with N-acryloyl glycinamide. Finally, we developed PEG-based interpenetrating networks with N-acryloyl glycinamide. The IPN approach successfully decoupled stiffness and extensibility to the desired extent and enabled the necessary damage resistance for surgical handling. PEG-based hydrogels with surgical handleability across a range of moduli are an important innovation in biomaterials design for researchers who use PEG-based networks for cellular interactions and require durability for translation. 
	 In the fourth chapter, the redox based diffusion-mediated crosslinking platform is expanded to enable fabrication of high molecular weight hydrogel coatings as described in Chapter III. To accomplish this, the fourth chapter built upon the second, investigating the mechanisms of the crosslinking platform and developing a toolbox for hydrogel coating methods broadly. Photopolymerized hydrogel coatings and redox based coatings were compared and the benefits and limitations of both methods highlighted. The mechanistic complexity of the redox based platform was elaborated upon and explained, including a description of the role of initiation and crosslinking time and the dependence of these factors on molecular weight. Tools for optimizing redox based diffusion mediated coatings were provided, and substrate considerations for both methods were explored. The toolbox provided in this work for the design of broad hydrogel coatings, photoinitiated and surface-initiated, gives biomedical researchers the knowledge necessary to apply hydrogel coatings effectively for broad applications.
	The fifth chapter demonstrated the development of a durable hydrogel coating for small diameter vascular grafts that is both thromboresistant and bioactive. In this work, an IPN approach for improving the mechanical properties of high macromer molecular weight, redox diffusion-mediated crosslinking coatings was described. IPN hydrogel coatings were characterized, and the maintenance of conformability was demonstrated. The durability of coatings was characterized across multiple damage mechanisms: stretching-based delamination, torquing, suturing, and physiological flow. Under all damage mechanisms, IPN hydrogel coatings resisted delamination. Next, the biological compatibility of these materials was assessed. Resistance to protein adsorption and platelet adhesion was demonstrated. Incorporation of bioactive cues and resultant endothelial cell adhesion was achieved. The combination of damage resistance and maintenance of biocompatibility for IPN hydrogel coatings in a small diameter vascular graft application offers great promise to the translatable nature of these materials. 
	In summary, successful design of a durable hydrogel coating requires innovation both in hydrogel coating methodology and network structure. This work defines a new, highly tunable coating methodology and reports the development of the first bioactive and durable hydrogel coating. Through these innovations, necessary adaptations to our previous multilayer vascular graft approach have been achieved. The work presented here supports the development of multilayer vascular graft design by 1) enabling thin and conformal coatings, 2) providing damage resistant and durable mechanical properties, and 3) retaining the requisite biological properties of our previous designs by promoting acute thromboresistance and sustained thromboresistance through the incorporation of bioactive cues and support of endothelial cell attachment and spreading. The innovations described in this work provide essential improvements to multilayer vascular grafts that will enable their further development on the pathway to clinical translation. 
[bookmark: _Toc108641516]6.2 Significance of Work
	By combining a new method for conformable hydrogel coatings and an IPN, PEG-based durable hydrogel network, a new type of bioactive coating has been developed to address important limitations to clinical translation of small diameter vascular grafts. These materials are highly tunable and can be adapted to multiple applications. Discoveries made in the development of these materials have important ramifications for multiple fields. Herein, we describe the developments made in this coating platform and IPN network and the impact this will have in the broader field.
	A novel redox based diffusion-mediated crosslinking platform was developed, and a toolbox for biomedically relevant hydrogel crosslinking methods was established. This methodology enables conformable coatings for porous substrates with highly tunable thickness control. This is impactful for a variety of commonly used biomaterials such as porous foams and electrospun grafts. Commonly used photopolymerization coatings are difficult to scale due to the requirement of molds. This new crosslinking platform enables scaling and more tunability of hydrogel coatings. Additionally, this method enables hydrogel multilayers, an approach that can further lead to bioactive surface layers. Redox hydrogel coatings are cytocompatible and can support endothelial cell adhesion. This is the first conformable crosslinking methodology for hydrogel coatings that demonstrates bioactive properties. Translation of this methodology to other systems is enabled through the mechanistic explanations provided in this work. 
A series of approaches towards the development of durable and stiff hydrogels was demonstrated. A new biostable PEG-based polymer was developed that enables low-cost synthesis of amide-terminated PEGs at a range of molecular weights.  The damage resistance properties of TetraPEG hydrogels relative to PEGDA networks were characterized, and it was determined that homogenization of PEG networks does not have a strong effect on mechanical properties. A new PEG IPN approach with a promising pNAGA second network was developed. pNAGA has been implemented by multiple research groups as a copolymer with other groups such as carboxybetaine acrylamide,263 poly(N-[tris(hydroxymethyl) methyl] acrylamide)264 and 2-acrylamide-2-methylpropanesulfonic acid.106 However, pNAGA has only been used in IPNs thus far in two investigations, neither of which focused on medical device development.207, 265 The IPN approach used in this work is highly tunable and demonstrates the ability of pNAGA second networks to dramatically improve the properties of PEG-based systems. 
Conformable, bioactive, and durable hydrogel coatings were established by combining the reported crosslinking platform with the IPN hydrogel approach. The limited published work on durable hydrogel coatings for vascular devices has centered on an interpenetration approach for polymer substrates cured through a simultaneous crosslinking strategy.9, 10, 232 The work presented here is the first approach of a sequential IPN hydrogel coating that can be applied post-fabrication to arbitrary porous substrates. Many established IPN bulk hydrogels implement a sequential approach; enabling translation of sequential IPNs to coatings broadens the available chemistry of hydrogel coatings.94 While the ability to coat non-porous polymer substrates is important, many porous biomaterials exist that benefit greatly from the properties enabled by hydrogel coatings.16, 239 Within this, our approach is the first to demonstrate durable hydrogel coatings on electrospun grafts, materials that are highly relevant in biomedical device design. Importantly, current durable hydrogel coating research does not address the possibility of incorporating bioactive cues. A recent report of a durable hydrogel coating demonstrates antibacterial properties.232 Our approach is the first to demonstrate bioactivity, showing endothelial cell attachment and spreading with the incorporation of functionalized collagen. The improvements in damage resistance we achieved while maintaining bioactivity of the materials will enable further design of multilayer vascular grafts. 
[bookmark: _Toc108641517]6.3 Challenges and Future Perspective
	The work presented here describes important advances in the development of durable hydrogel coatings for clinical translation. Additionally, it demonstrates promising early results in application of these coatings to small diameter vascular grafts. In future work, integrin-targeting Scl-2 proteins that encourage thromboresistant endothelial cell phenotypes must be incorporated into the vascular graft constructs and characterized.26, 29, 30 The final Scl-2 hydrogel coatings must then undergo extensive investigation of biological properties, including bioreactor assessment of thromboresistance and endothelialization. 
We have developed a highly tunable and conformable crosslinking methodology and described the basic handles of its underlying mechanisms. To fully validate this methodology and the described mechanisms, the range of moduli achieved with this coating methodology must be characterized. Surface stiffness characterization of hydrogel coatings is limited in general. Tools to enable accurate surface stiffness characterization in hydrated conditions have only recently been developed, and as a result, testing standards for characterization have yet to be established. In order to understand network properties of hydrogel coatings of all types, surface characterization in hydrated conditions is essential. 
We have designed a biostable, PEG-based IPN with mechanical properties conducive to endothelial cell adhesion and surgical damage resistance. Further structural characterization of IPNs fabricated from a PEG-based single network and a pNAGA second network could provide interesting insights into these hydrogels. Conventionally, IPN approaches result in improved mechanical properties of the IPN over the two single networks. Our analysis hypothesizes the intermediary properties of the PEUDAm IPNs are a result of disruption of the hydrogen bonding interactions of the pNAGA group. Further experimentation in disruption of hydrogen bonding and varying the degrees of hydrogen bonding could validate this hypothesis. Further, a deeper exploration of bulk IPN hydrogel fracture properties could provide interesting insight into the failure mechanisms of PEG-based networks broadly. Studies into the fracture properties of hydrogels are on the rise in the field of soft mechanics. New modes of analysis have been developed that focus on fatigue fracture196, 212, 266 or visualization of the crack tip by combining mechanoradicals and fluorescence microscopy.47, 267-269 As these methods develop, they will become more accessible to materials characterization more broadly. Understanding the fracture mechanisms of PEG-based networks would enable more rigorous characterization and development of damage resistance. 
We have developed damage resistant and bioactive IPN hydrogel coatings for small diameter vascular grafts. Although we successfully demonstrated endothelial cell adhesion and spreading, further mechanical characterization of the coating is needed. Namely, the hydrogel stiffness and interactions between the hydrogel coating and mesh substrate must be determined. Surface stiffness studies will elucidate both network modulus and heterogeneity. It is well established that substrate stiffnesses affect cellular interactions.25, 270-272 To accurately correlate hydrogel coating biological interactions with their mechanical properties, cellularly relevant mechanics must be centered. Correlations of surface mechanics of hydrogels with endothelial cell adhesion, spreading, and migration could elucidate important mechanisms for endothelialization. Further, characterization of the degree of heterogeneity is important to improve fabrication methods. These features can be elucidated with surface modulus characterization via nanoindentation. In terms of substrate coating interactions, more complex mechanical studies must be implemented. The mechanical features of electrospun vascular grafts have been characterized in depth with the assumption that the hydrogel coating will not affect their properties.150, 273 In collaboration with Motiwale and coworkers, we recently demonstrated the mechanical independence of PEGDA hydrogel coatings and mesh substrates.16 It is important to confirm the retention of the independence of composites with IPN coatings for accurate biomechanical characterization downstream. 
Despite the need for additional investigation to further develop and translate this methodology for durable hydrogel coatings to small diameter vascular grafts and beyond, the work presented here has advanced these materials. First, a new hydrogel coating methodology based on diffusion-mediated redox polymerization was developed and enabled conformable coatings with tunable thickness. Then a durable IPN bulk hydrogel formulation was developed that enabled both high ultimate elongations and fracture energy and maintained stiffnesses necessary for desired biological interactions. Next, fundamental advancements in the design space of hydrogel coatings were made, describing the tools to apply redox diffusion-mediated coatings to broad systems. Finally, IPN conformable hydrogel coatings were developed and the durability and biocompatibility of these materials were demonstrated. The findings from these studies provide the fundamentals for further development of durable hydrogel coatings for broad biomedical application. Additionally, they enable the further development of clinically translatable synthetic small diameter vascular grafts. 
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Figure 2

A) Mold-Based Thickness Control B) Composition Effects on Swelling-Induced Thickness Changes
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Figure 2: Controls of UV-based hydrogel coatings. A) Gel coating thickness is controlled with mold thickness and
resultant swelling (PEGDA 3.4 kDa) B) Composition effects on swelling- 1nduced thickness changes of coatings as

B Y D T





image40.png
A) As Cured Thickness B) As Cured vs. Swollen Thickness

i) ii)

_ 200 R R 300 . P
£ 120
2 - @ ) ° © As Cured
= 100 E 150 E
. 3 o 2200 :% o Swollen
3 '3 4
¢ 4
< x & 5 100 °
g £ s ° = s R
€ 2 = = 0 °
£
]
= 0; 0 T T 0 T T
F 0w 10w 20w 10 wi% 10 W% 10 W% 20 wt%

34kDa  20kDa  20kDa 34kDa 20kDa 20 kDa 20 kDa

Hydrogel Composition Hydrogel Composition Hydrogel Composition




image41.png
A) Time and Composition Effects on Thickness
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A) Redox Hydrogel Coatings
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C) Initiator Concentration Effects on Gelation



B) Scheme of Interdigitation During Crosslinking
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