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ABSTRACT 

The extracellular matrix (ECM) is highly complex and dynamic, regulating cell functions 

through the presentation of various biophysical and biochemical signals. ECM 

composition is tissue system-dependent, but it generally consists of fibrous proteins that 

dictate tissue structure with additional amorphous interstitial material contributing to 

function and soft-tissue mechanics. Historically, there has been considerable focus on 

using hydrogels to model the ECM; however, these materials are often static and isotropic 

and therefore unable to recapitulate some of the complexities of natural tissue. Work to 

close this gap in biomaterials research includes a focus on hydrogel advances that aim 

to capture the highly structured and dynamic nature of the ECM. Processing hydrogel-

forming biomaterials via electrospinning enables these advancements in dynamic 

hydrogels to be translated into a fibrous form, which offers opportunities to model some 

of the biochemical and biophysical attributes found in endogenous tissue environments. 

While it is possible to generate dynamic, fibrous hydrogel architectures in this way, they 

are often still limited in their dimensionality – both in 3D space and in dynamics across 

time. In light of this, the goal of this thesis was to develop new classes of biofabrication 

tools that address these limitations in electrospun systems based on hydrogels. 

 

We leveraged hyaluronic acid (HA) and polyethylene glycol (PEG) as the base materials 

for this work and installed reactive groups (e.g., norbornene, methacrylate, vinyl sulfone) 

that enable spatially-controllable, photomediated crosslinking and biochemical 

functionalization of the resultant fibers. The flexibility offered by these reaction 

mechanisms, along with the geometry of the electrospun hydrogel fibers, are exploited 
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herein to develop the demonstrated biofabrication platforms. First, to address challenges 

in the time dimension, a peptide-based platform that enabled dynamic presentation of 

bioactive molecules on hydrogel (both isotropic and fibrous) substrates was 

demonstrated. User-defined, reversible presentation of these biomolecules was achieved 

through the formation and disruption of coiled coil complexes through toehold-mediated 

strand displacement. Next, towards the translation of electrospun fibers into 3D space, a 

novel granular hydrogel medium comprised of segmented electrospun hydrogel fibers 

was developed. These granular hydrogel materials exhibited unique mechanics with 

tunable viscoelasticity and stress relaxation properties – enabling not only 

injection/extrusion, but also serving as 3D, permissive culture environments for cell 

encapsulation. Finally, a foundational layer-by-layer biofabrication platform based on 

spatially-patternable electrospun substrates was investigated to enable the localization of 

cellular and material content at high resolution in 3D, macroscale constructs. Taken 

together, the electrospun hydrogel-based systems developed throughout this thesis offer 

new opportunities in designing functional biomaterials and address broad challenges in 

recapitulating complex biochemical and biophysical architectures in engineered tissues. 
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CHAPTER 1: SPECIFIC AIMS AND RESEARCH OVERVIEW 

 

1.1. Overview 

 The extracellular matrix (ECM) is a complex, heterogenous material environment 

that comprises the acellular scaffolding within natural tissue that supports physiological 

function through the presentation of various biophysical and biochemical signals. While 

the specific composition of the ECM is highly dynamic and tissue-dependent, it generally 

consists of fibrous proteins that dictate the physical structure, with additional amorphous 

interstitial material that contributes to the soft, water-swollen characteristics of the tissue 

system. Hydrogel-forming biomaterials have seen considerable use in the tissue 

engineering space due to their ability to recapitulate some of the properties of soft tissue 

types; however, hydrogels are often static and isotropic and therefore unable to mimic 

some of the complexities of endogenous ECM. Work to close this gap in biomaterials 

research includes a focus on hydrogel advances that aim to capture the highly structured 

and dynamic nature of the ECM. Processing hydrogel-forming biomaterials via 

electrospinning enables these advancements in dynamic hydrogels to be translated into 

a fibrous form, which offers opportunities for modeling some of the biochemical and 

biophysical attributes found in natural tissue. While it is possible to generate dynamic, 

fibrous hydrogel architectures using electrospinning, the resultant fibers are often still 

limited in their dimensionality – both in 3D space and in dynamics across time. In 

response, there has been considerable work aiming to improve upon the dimensionality 

of electrospun fibers to engineer more dynamically complex models of the ECM. 

 Given the desire to improve electrospun hydrogel fibers for tissue engineering 

applications, the goal of this thesis was to develop biofabrication platforms that address 
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the time and space limitations of more traditional electrospun hydrogels. Hyaluronic acid 

(HA) and polyethylene glycol (PEG) were chosen as the base polymers for the 

electrospun fibers due to their inherent biocompatibility and amenability to chemical 

modifications that enable both crosslinking and downstream functionalizing with bioactive 

molecules. Specifically, these bodies of work leveraged well-established reactive moieties 

(e.g., norbornene, methacrylate, vinyl sulfone) to form HA or PEG fibers that were utilized 

as the building blocks for the biofabrication tools described herein. These HA and PEG 

fibers received different downstream processing treatments to realize new biochemical 

and biophysical complexities for engineering fibrous hydrogels with increased 

dimensionalities. The following three aims were developed to move towards biofabrication 

platforms that address the time and space constraints associated with conventional 

electrospun fibers.  

 

1.2. Specific Aims 

Specific Aim 1: Design a material technology that enables control over both spatial 

and temporal presentation of bioactive molecules on isotropic hydrogels and 

electrospun hydrogel fibers.  

Hypothesis: Coiled coil-forming peptides can be designed to allow for both spatially-

controlled conjugation to hydrogel substrates through photomediated thiol-ene reactions, 

and temporal control of biomolecule presentation via toehold-mediated strand 

displacement of the coiled coils.  

 To address this hypothesis, norbornene-modified HA and PEG derivatives (NorHA 

and PEGNB, respectively) were utilized to permit thiol-ene tethering of cysteine-
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containing peptide sequences. Repeating heptads known to form coiled coils were 

synthesized with mismatched lengths to enable toehold-mediated strand displacement 

using traditional solid-phase methods. Three peptides were utilized in this study: the T-

peptide (3 repeating heptads; tethers to the hydrogel substrate), the A-peptide (4 

repeating heptads; contains either a fluorophore or bioactive sequence; associates with 

the T-peptide), and the D-peptide (4 repeating heptads; preferentially associates with the 

A-peptide; disrupts the T:A complex). The mismatched lengths allow for toehold-mediated 

strand displacement with the A:D association forming a preferred coiled coil complex 

compared to the T:A association. NorHA synthesis was confirmed with 1H NMR. 

Successful peptide syntheses were confirmed using electrospray ionization mass 

spectrometry, secondary structures were analyzed using circular dichroism spectroscopy, 

and coiled coil complexation in solution was monitored via isothermal titration calorimetry.  

 Coiled coil-forming peptides were conjugated to NorHA hydrogels and PEGNB 

hydrogel fibers with spatial control through the photomediated thiol-ene click reaction. 

Temporal control via toehold-mediated strand displacement was quantified by measuring 

the fluorescence of the supernatant following the washing steps to remove a fluorophore-

tagged analog of the bioactive peptide utilized in this coiled coil scheme. The fluorophore 

on the bioactive peptide is interchangeable and was next replaced with an RGD sequence 

to modulate the adhesion properties of the NorHA and PEGNB substrates and influence 

3T3 fibroblast spreading.  
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Specific Aim 2: Design and characterize a fiber-based granular hydrogel medium 

that enables increased interparticle interactions between individual fibers for 

robust mechanical properties with tunable viscoelasticity and stress relaxation. 

Hypothesis: Electrospun hydrogel fibers can be segmented and packed to yield a granular 

hydrogel where the “grains” are discrete fibers that interact and entangle at increased 

length scales, thus contributing unique mechanical profiles to the granular hydrogel 

medium.  

 To address this hypothesis, methacrylate-modified HA (MeHA) and PEGNB were 

utilized as the base materials to fabricate electrospun fibers. MeHA structure was 

confirmed via 1H NMR. Resultant fibers were segmented to form discrete fiber lengths 

and assembled into granular hydrogels without secondary annealing via centrifuge-

mediated packing at different packing densities (i.e., varying degrees of interstitial fluid 

between fibers). Physical properties and complex, time-dependent mechanics were 

evaluated using oscillatory shear rheology and filament stretching extensional rheology. 

Indeed, analyses of packed hydrogel microfiber scaffolds suggest unique mechanical 

properties (e.g., yield strains, extensibility, viscoelasticity, stress relaxation, etc.) 

compared to conventional hydrogel particle systems (i.e., spherical particles), which is 

attributed to their increased interparticle interactions afforded by fiber-fiber entanglement 

and reorganization. Adding secondary annealing mechanisms increases the elasticity of 

these materials, while concomitantly limiting fiber sliding and reorganization, thus 

restricting bulk scaffold time-dependent mechanics like stress relaxation. These fiber-

based granular hydrogels were conceptualized and demonstrated as 3D, permissive cell 
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culture scaffolds; however, they also demonstrate utility as injectable biomaterial inks for 

extrusion printing applications.  

 

Specific Aim 3: Design of a biofabrication platform for engineering tissue 

constructs with control over material and cellular architecture at near-cell-scale 

resolution throughout 3D space.  

Hypothesis: Photopatternable electrospun scaffolds will enable near-single-cell resolution 

in the localization of bioactive molecules and cells, and a layer-by-layer assembly of 

multiple independently patterned scaffolds will enable the ability to dictate multiscale 

cellular and material composition in macroscale 3D constructs. 

  To address this hypothesis, MeHA and NorHA were leveraged as materials to 

fabricate thin, planar electrospun substrates. Successful syntheses were confirmed using 

1H NMR. Photomediated patterning capabilities were analyzed via ligating thiolated 

fluorophores onto electrospun HA scaffolds using photomasks with decreasing feature 

sizes down to 20 𝜇m. Similarly, the ability to control cellular localization was determined 

by the same photopatterning process, albeit with a thiolated RGD adhesive ligand in 

addition to the thiolated fluorophore, and cell positioning was determined by counting cells 

within the RGD+ regions (RGD+ regions also fluoresce due to concurrent patterning of 

the fluorophore). Thiolated fluorophores were synthesized via traditional solid-phase 

methods.  

 Subsequently, MeHA and NorHA fibers were electrospun onto cyclic olefin 

copolymer (COC) substrates as supports for aligning individual fiber layers. COC films 

contained ablated regions to allow for fibers to span across void spaces and be in direct 
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contact with each other following layering (i.e., no COC material between fiber layers). 

Additionally, direct contact of fiber layers allows for holes to be spatially patterned into the 

HA-based fibers during crosslinking, which can theoretically be layered directly on top of 

each other to build out a material channel in 3D space as more layers are added. Finally, 

precise alignment was demonstrated utilizing 2 layers of fluorophore-patterned scaffolds 

that build out a 2-part image when layered. Taken together, these preliminary steps 

illustrate the possibilities afforded by a layer-by-layer biofabrication platform to control 

material and cellular architecture in macroscale 3D constructs.    
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1.3. Research Overview 

 Chapter 2 introduces the motivation for engineering dynamic electrospun 

hydrogels for tissue engineering applications. This chapter focuses on previously 

established methods to engineer complexities within the hydrogel fibers themselves, 

while briefly acknowledging platforms utilizing electrospun hydrogels in 3D. Expanding 

upon engineering dynamic complexities into electrospun hydrogels, Chapter 3 describes 

the development of peptide-based system that enables user-defined, reversible 

presentation of bioactive molecules on hydrogel substrates (both nonfibrous and fibrous) 

through toehold-mediated strand displacement of coiled coil complexes. Notably, this 

chapter addresses the challenge of engineering time-dependent dynamic complexities 

into electrospun hydrogel scaffolds.  

 Next, the focus shifts from the time dimension to the spatial dimensions. Since 

natural tissue exists in both space and time, it is paramount to consider 3D space along 

with the time-based biofabrication platform described in Chapter 3. Electrospun fibers are 

traditionally 2D, dictated by the stochastic deposition of fibers onto a grounded collection 

surface, and were historically utilized as cell culture substrates with microscale 

topography dictated by the nano-to-microscale fibers that comprise the scaffold. In 

response, Chapter 4 provides background for the research described in Chapters 5-7 

and introduces established techniques to utilize electrospun fibers in 3D space. While 

early iterations of 3D electrospun fibers utilized thicker constructs as substrates, this 

chapter focuses primarily on electrospun fibers as next-generation 3D scaffolds for 

encapsulation cell culture – ranging from fiber:hydrogel composites with small amounts 

of embedded fibers, to 3D hydrogel media comprised largely of electrospun fibers.  
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 Chapter 5 and Chapter 6 describe the development of a fiber-based granular 

hydrogel strategy for 3D cell culture applications. In these granular hydrogel systems, 

each “particle” is a discrete hydrogel microfiber segment. The fiber segments are 

assembled into a bulk scaffold via centrifuge-mediated packing and present material 

properties that are unique among biomaterial systems currently in existence – due to 

interparticle interactions and entanglements between individual microfibers in the 

scaffold. More specifically, Chapter 5 characterizes the mechanical and physical 

properties of packed hydrogel microfibers and demonstrates them as an 

injectable/extrudable biomaterial ink that is suitable for both 2D and 3D cell culture. 

Chapter 6 focuses on tuning the complex, time-dependent physical properties of packed 

hydrogel microfibers for mechanically matching characteristics of natural tissue. These 

fiber-based hydrogel assemblies are advantageous for 3D cell culture models due to their 

permissive nature (i.e., ability to be reorganized at the cell-level in the absence of 

secondary annealing processes). 

 Due to the highly organized architecture and structuring of some tissue types, 

higher degrees of spatiotemporal control are needed when engineering ECM-mimetics in 

vitro. Chapter 7 introduces a novel biofabrication platform that is grounded in the layer-

by-layer assembly of thin, planar electrospun scaffolds. These electrospun fibrous 

scaffolds enable photomediated patterning of biomolecules at resolutions <100 𝜇m and 

can influence cell position when the patterned biomolecule contains an adhesive ligand 

motif. These scaffolds can be independently patterned and seeded with cells, thus 

providing the ability to arbitrarily define 2D space on each layer. If the designs across 
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layers are designed to be related, precise control over cellular and material architecture 

is possible at high resolution in macroscale 3D constructs.  

 Finally, Chapter 8 summarizes and also addresses some notable limitations of the 

works presented in this dissertation. Additionally, we identify some worthwhile future work 

building off of the technologies developed herein. Continuing to advance and apply these 

biofabrication tools will make them more generalizable and adoptable, thereby enabling 

the development of more complex tissue models for biological studies using dynamic 

electrospun hydrogel fibers. 
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CHAPTER 2: ELECTROSPUN HYDROGELS FOR DYNAMIC MODELS OF THE 

EXTRACELLULAR MATRIX: ADVANTAGES, PROGRESS, AND OPPORTUNITIES 

 
This chapter has been adapted from the following publication: Grewal, M.G., Highley, C.B. 
Electrospun hydrogels for dynamic culture systems: advantages, progress, and 
opportunities. Biomaterials Science 9, 4228-4245 (2021).  
 

2.1. Abstract 

The extracellular matrix (ECM) is a water-swollen, tissue-specific material environment in 

which biophysiochemical signals are organized and influence cell behaviors.  Electrospun 

nanofibrous substrates have been pursued as platforms for tissue engineering and cell 

studies that recapitulate features of the native ECM, in particular its fibrous nature. In 

recent years, progress in the design of electrospun hydrogel systems has demonstrated 

that molecular design also enables unique studies of cellular behaviors. In comparison to 

the use of hydrophobic polymeric materials, electrospinning hydrophilic materials that 

crosslink to form hydrogels offer the potential to achieve the water-swollen, nanofibrous 

characteristics of endogenous ECM. Although electrospun hydrogels require an 

additional crosslinking step to stabilize the fibers (allowing fibers to swell with water 

instead of dissolving) in comparison to their hydrophobic counterparts, researchers have 

made significant advances in leveraging hydrogel chemistries to incorporate biochemical 

and dynamic functionalities within the fibers. Consequently, dynamic biophysical and 

biochemical properties can be engineered into hydrophilic nanofibers that would be 

difficult to engineer in hydrophobic systems without strategic and sometimes intensive 

post-processing techniques. This Review describes common methodologies to control 

biophysical and biochemical properties of both electrospun hydrophobic and hydrogel 

nanofibers, with an emphasis on highlighting recent progress using hydrogel nanofibers 
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with engineered dynamic complexities to develop culture systems for the study of 

biological function, dysfunction, development, and regeneration. 
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2.2. Introduction 

The extracellular matrix (ECM) is a complex, dynamic, and tissue-specific 

scaffolding system that presents a myriad of biophysical and biochemical cues that 

influence cellular behaviors1–4. The ECM is typically comprised of varying compositions 

of fibrous proteins and proteoglycans, coupled with soluble components such as growth 

factors5–7; however, the state of this structure is constantly in flux as it is simultaneously 

degraded and synthesized by the resident cellular population4–8. As the biophysical and 

biochemical attributes of the ECM at two distinct junctures are never identical, 

recapitulating tissue-specific milieus in vitro is challenging5–7.  To better understand 

cellular behaviors and processes occurring in physiologically-relevant systems, in vitro 

culture systems must continue to advance to accurately model the ECM4,6,9–11. 

 Progress in developing more sophisticated in vitro culture platforms has advanced 

with new insights into the composition and properties of the ECM coupled with new 

technical capabilities to recreate its features. The heterogeneous material environment of 

the ECM is water-rich and nanofibrous in nature1,4,12, typically comprised of single-fiber 

diameters on the order of tens to hundreds of nanometers (10-500 nm)12–16. 

Electrospinning is an accessible technique for depositing fibrous substrates with 

diameters analogous to those comprising native ECM5–7, and has been established as an 

effective way to produce nanofibrous materials across many fields of research17–21, 

including tissue engineering22,23. Within tissue engineering and regenerative medicine, 

electrospun nanofibers have been applied to wound healing24 and the engineering of 

diverse tissue types including models of cardiac25, vascular26, neural27,28, and 

musculoskeletal29 environments. In research applications addressing fundamental 
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biological and physiological questions, electrospun substrates have also been tactically 

engineered to tease out cellular responses to differing environmental cues and 

perturbations for in vitro studies2,3,30–32. For more information, Xue et al.33 and Rahmati et 

al.34 have recently published expansive reviews of the electrospinning process and 

extensive applications of electrospun materials. 

Turning the focus from the process and applications onto the materials themselves, 

electrospun fibers utilized in tissue engineering applications throughout the years have 

been primarily comprised of hydrophobic polymers that were solubilized in organic 

solvents prior to electrospinning (Figure 2.1). These materials were prevalent in the early 

waves of electrospinning due to their favorable performance in the electrospinning 

process and their ability to form fibrous substrates for cell culture without further 

stabilization steps, such as interpolymer crosslinking12,35. A disadvantage of utilizing many 

of these hydrophobic polymers is they may lack desired cell-instructive biofunctionality in 

their fibrous form, and consequently require strategic chemistries to increase the 

bioactivity prior to seeding cells for culture36,37. Furthermore, since these materials are 

foreign to physiological systems, it may be necessary to engineer them further to mediate 

biological responses in vivo during transplantation and degradation. There are many 

established methods to modify the surfaces of these hydrophobic nanofibers36,37; 

however, a current shift towards using crosslinked polymers to develop hydrogel networks 

offers potential to reduce the complexity of post-processing (refer to Figure 2.1) by 
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drawing on the diversity of hydrogel functionalities available for modifying and controlling 

microenvironmental features and establishing dynamic materials38. 

Another advantage offered by electrospun hydrogel fibers compared to their 

hydrophobic material analogs is the water-swollen nature of native ECM and of natural 

fibers within ECM microenvironments1,4,12. Furthermore, the plethora of established 

chemistries used to modify polymeric backbones and engineer crosslinking in hydrogel 

fiber systems enables the facile development of functionality for controlling the 

biophysiochemical properties to recapitulate features of the endogenous ECM1,39–41. 

Hydrogel systems for cell culture were originally introduced as advancements from tissue 

Figure 2.1. Functionalization of hydrogel versus hydrophobic nanofibers. (Top, left to 
right): electrospinning precursor solution containing a hydrophilic polymer with a crosslinker to 
stabilize hydrogel nanofibers; solution is electrospun and crosslinked (e.g. with UV irradiation) 
with leftover sites for further functionalization; three example pathways to functionalize the fibers 
– spatial control over bioactivity (green stars, shaded area indicates unfunctionalized region)86, 
fibers crosslinked with matrix metalloproteinase (MMP) sensitive crosslinkers for tunable 
degradation8, suspended hydrogel fibers in a bulk gel for 3D models of the ECM123. (Bottom, left 
to right): electrospinning precursor solution containing hydrophobic polymer (typically in a harsh 
solvent); solution is electrospun and fibers are ready for processing; intensive chemical 
processing is typically needed for fiber functionalization. 
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culture polystyrene1, and as soon as they were developed for cell culture, researchers 

aimed to advance the technology towards dynamic culture systems4,38. Electrospun fibers 

are mirroring this progression first through the development of hydrogel fibers, and now 

in trends towards dynamic fibrous environments that allow for modeling and probing of 

biological processes, while also affording control over the complexity of culture systems 

to reconstitute natural tissue as closely as possible. Significant progress in the 

engineering of fibrous culture substrates has been made, with the potential for further 

developments in materials design to continue to advance towards recapitulating 

endogenous tissue42. 

This Review focuses on the methods developed to modify the biophysical and 

biochemical properties of electrospun polymers – both hydrophobic and hydrophilic – with 

an emphasis on the strengths provided by crosslinkable, hydrophilic polymers that form 

hydrogels. We further focus on the chemistries developed to modify hydrogel nanofibers 

to manipulate the complexity of biological systems in space and time, while additionally 

highlighting the advancements being made by researchers towards the development of 

dynamic scaffolding that effectively reconstitutes physiologically-relevant ECM. 

Furthermore, we also provide light commentary highlighting the advantages and 

associated challenges within these systems to ideally inform the next phase of 

advancements in nanofibrillar hydrogel design. 
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2.3. Hydrophobic polymer fibers for cell culture 

The use of hydrophobic polymers has been central to the development of fibrous 

culture systems43, and materials commonly used include polylactic acid (PLA)44–47, 

poly(lactic-co-glycolic acid) (PLGA)48, polycaprolactone (PCL)49, polyethylene 

terephthalate (PET)50, among many others51,52. Since these materials are 

characteristically hydrophobic, they require nonpolar organic solvents to facilitate the 

electrospinning process25,51,53,54. Therefore – in biomedical applications – water infiltration 

is limited to spaces between fibers, without substantially absorbing into the polymeric 

matrices of the fibers themselves51. Despite this challenge, these materials are well-suited 

to the electrospinning process and have seen extensive use in the tissue engineering 

space. Part of the strength of these materials in electrospinning is that the morphological 

features of the resulting nanofibers can be readily tailored by simply controlling process 

parameters12,54,55, yielding substrates with designed topographical characteristics that 

contribute to the biophysical properties that cells transduce. Similarly, post-

electrospinning techniques have been employed to increase the bioactivity of the fibrous 

substrates. Since cells are heavily influenced by a combination of both biophysical and 

biochemical signals in their microenvironment6,7, techniques have continuously 

progressed to introduce relevant signals to nanofibers based on these hydrophobic 

materials in order to influence the cells interacting with them. 

 

2.3.1. Hydrophobic nanofibers enabling control over physical properties 

Work aiming to engineer and alter nanofibrous topographies is driven by cellular 

transduction of biophysical stimuli from their microenvironments to influence signaling 
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pathways that direct downstream phenotypic fate decisions56. Therefore, control over 

physical properties of culture systems is a critical consideration in biomedical applications 

including tissue engineering, regenerative medicine, and fundamental investigations into 

cellular processes and development. The diameters of electrospun fibers can be readily 

controlled through solution properties and variable parameters of the electrospinning 

process – in particular solution viscosity, polymer molecular weight, applied voltage, and 

solution flow rate55,57,58. Even with this level of control, careful consideration is needed 

when developing fibers to match the tissue system of interest. For instance, Young’s 

modulus of electrospun fibers exhibits an inverse relationship with fiber diameter59; 

therefore, a balance is typically needed when engineering models that replicate tissue-

specific systems in the body60.  

Treatments for modulating fiber topography. Hydrophobic polymeric fibers are 

relatively robust, which allows for diverse processing techniques to further control 

physical and topographical properties. For example, towards engineering topography to 

influence cell shape and localization through contact guidance, Park and coworkers 

demonstrated the ability to spatially control the deposition and alignment of PLA 

nanofibers on polymer surfaces61. The hydrophobicity of PLA was leveraged during the 

electrospinning process and an electrolyte solution of potassium chloride on the collection 

surface was utilized to focus the electric field during fiber collection – a process that 

wouldn’t be possible with hydrophilic polymers61. Moreover, from a post-processing 

perspective, Szczesny et al. heated poly(L-lactic acid) (PLLA) fibers to 85° C to induce 

contraction, yielding crimped fibrous substrates that recapitulated the crimped nature of 

tendinous tissue62. Further mechanical testing showed that the crimped fibers provided a 
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nonlinear stress-strain regime, which mirrors that seen with natural tendon tissue upon 

initial mechanical loading62 (refer to Figure 2.2 Top). Towards a similar end, Chen et al. 

leveraged thermally-responsive materials that shrink upon the addition of heat to crimp 

fibers63. The waviness in the resultant fibers improved cellular infiltration into the 

scaffolds, and also promoted transcriptional growth factor-𝛽 (TGF-𝛽) expression from 

human mesenchymal stromal cells (hMSCs) – an important regulator in the development 

of connective tissue63. While brief, these examples highlight the great potential 

hydrophobic fibers have to be tailored through modifications to the process, through post-

processing, or through leveraging material properties such as thermal-responsiveness, 

to replicate natural tissue in vitro. 

 

2.3.2. Hydrophobic fibers enabling modulation of biochemical properties 

Pre-incubation (non-covalent) modifications. In addition to responding to 

biophysical cues in cell fate decisions, cells also integrate biochemical cues from their 

local microenvironment7,39,64–66. Therefore, chemically modifying hydrophobic fibers that 

are otherwise inherently bioinert with relevant biomolecules is critical to influencing 

phenotypic outcomes36,37. There is a plethora of studies expanding upon methods for 

introducing these biochemical cues into fibrous culture systems – many of which include 

some variation of a chemical coating as a preliminary step. For example, nonspecific 

adsorption of biomolecules on fibers, such as ECM-derived laminin27,28 and compounds 

contained within endothelial cell basal medium-249, supported neural and endothelial cell 
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adhesion, respectively. Extending this pre-incubation one step further, Kador et al. 

adsorbed laminin and fibronectin onto PLA scaffolds and covalently bound Netrin-1 

protein using carbodiimide (EDC/NHS) crosslinking between the carboxylic acids on 

laminin/fibronectin and the amines on Netrin-167. Kador and coworkers also demonstrated 

efficacy in conjugating Netrin-1 to the laminin/fibronectin on fibers utilizing a photo-based 

succinimidyl-diazirine (SDA) crosslinker67. The immobilization of Netrin-1 on these fibrous 

Figure 2.2. Cell culture on modified hydrophobic fibrous scaffolds. (Top, left to right): 
Crimped PLLA fibers synthesized via heat treatment with sacrificial fibers by Szczesny et 
al.62 to develop a tendinous/ligament-like tissue structure; the crimped system (DWH) 
exhibited a traditional non-linear stress-strain curve similar to that of native 
tendon/ligament tissue, whereas controls (W, WH, DHW, DW) all were unable to replicate 
this behavior; actin/DAPI staining of cells seeded on these crimped systems 
demonstrated less alignment with the fibers and reoriented significantly upon mechanical 
strain. Scalebar = 1 𝜇m. (Top) Reprinted and adapted with permission from Szczesny et 
al., copyright 2017 American Chemical Society62. (Bottom, left to right): PCL fibers aligned 
radially due to a novel electrospinning collection setup, scalebar = 200 𝜇m; Tuj-1 staining 
(green) of dorsal root ganglion cells shows significant neurite extension in the direction of 
fiber alignment (white arrow) and laminin gradient; quantification displaying average 
neurite length for the gradient experiments compared to controls of uniform laminin 
presentation and no laminin presentation. Scalebar = 1mm, ***p < 0.001. (Bottom) 
Reprinted and adapted with permission from Wu et al., copyright 2018 American 
Chemical Society76. 
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scaffolds resulted in increased polarity of retinal ganglion cells when compared to the 

non-functionalized controls67. 

Polydopamine-based modifications. Other methods aiming to improve the 

biofunctionality of fibrous substrates include a preliminary step of introducing reactive 

chemical functionalities to fiber surfaces. Similar to the aforementioned adsorption 

pathways, polydopamine surface coatings, naturally inspired by the adhesiveness of 

mussels, allow for the presentation of catechol/quinone groups on fibers68. These groups 

can then freely react with thiols and amines of biomolecules – such as bone 

morphogenetic protein-269, laminin70, or Arg-Gly-Asp (RGD) peptide motifs71 – 

undergoing either Schiff-base reactions or Michael additions72,73. 

High-energy surface treatments. High-energy surface treatments can also be 

used to introduce bioactivity. For example, Savoji and coworkers utilized plasma-

polymerization to introduce a thin coating on PET nanofibers that presented reactive 

amine groups, which in turn supported the adhesion and subsequent proliferation of 

human umbilical vein endothelial cells50. In addition, Piai et al. treated PLA fibers with 

UV/ozone to introduce reactive oxygen groups prior to aminolysis via incubation in 1,6-

hexamethylenediamine45. Chondroitin sulfate was then conjugated to the reactive amines 

on the PLA fibers by the aforementioned carbodiimide (EDC/NHS) crosslinking45. Plasma 

treatment has also been used in conjunction with the previously discussed polydopamine 

chemistry to graft another glycosaminoglycan, in this case heparin, onto polycarbonate-

urethane grafts to improve bioactivity in vivo74. Moreover, Tanes et al.75 and Wu et al.76 

both demonstrated the ability to introduce gradients of nerve growth factor (NGF)75 and 

epidermal growth factor (EGF)76 on PCL nanofibers using bovine serum albumin (BSA) 
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as a bioinert blocking agent. Both methods utilized oxygen plasma to functionalize the 

surface, prior to the sequential introduction of BSA to block open sites, then either 

NGF/EGF was conjugated to fibers to confer bioactivity. In the presence of both an NGF 

gradient and aligned fibers, dorsal root ganglion cells exhibited a preferential alignment 

as well as increased average length of extended neurites 75 (refer to Figure 2.2 Bottom). 

Click chemistries for biochemical modifications. Click chemistries have been 

explored to functionalize hydrophobic fibers with biochemical cues. Reactions that have 

been successfully used for controlled presentation of biomolecules include copper-

catalyzed azide-alkyne cycloaddition (CuAAC) and sans metal strain-promoted azide-

alkyne cycloaddition (SPAAC)37. As  their names reflect, CuAAC reactions require the 

presentation of alkynes and azides for conjugation77, whereas SPAAC reactions require 

the presentation of strained alkynes and azides for conjugation but proceed in the 

absence of a copper catalyst78. Examples include the functionalization of PLA with an 

alkyne by Shi et al. to facilitate conjugation of an azide-presenting enzyme onto fibers 

through CuAAC chemistry79. Examples of SPAAC reactions with nanofibers include works 

by Smith Callahan et al.80 and Zheng et al.81 where PLLA and PCL were functionalized 

with 4-dibenzo-cyclooctynol (DIBO) to provide reactive sites for conjugation of azide-

containing molecules. In these works, both cell-adhesive peptides and fluorophores were 

conjugated to the DIBO-containing nanofibers. We refer to an excellent review by 

Kalaoglu-Altan et al. regarding ‘clickable’ electrospun fibers for further information on the 

use of bioorthogonal chemistries to modify nanofibers37. 

Summary – controlling hydrophobic nanofiber biochemical properties. 

Nanofibers based on hydrophobic materials have thus far been central to the 
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development of biomedical electrospun materials and have demonstrated the progress 

of research in this area – becoming increasingly sophisticated, bioactive platforms with 

great potential in regenerative medicine. Nonetheless, these systems face certain 

challenges in biomedical applications that are inherent to the materials used and can be 

addressed through the use of hydrogel material systems.  A minor concern exists in the 

use of cytotoxic solvents during electrospinning to dissolve hydrophobic polymers82.  

Although the potential to leave behind residual solvent is addressed in work with these 

materials, water-soluble hydrogel materials that are electrospun from aqueous solutions 

do not face this challenge. More significant are challenges related to advancing the 

biomimetic and dynamic features of electrospun fibrous systems. For example, with 

respect to controlling the biophysical properties of nanofibrous environments, 

hydrophobic systems largely afford minimal direct control over the stiffness and 

viscoelasticity of the resultant fibers beyond modifying solution properties prior to 

electrospinning. Additionally, spatial control over the localization of biomolecules in these 

hydrophobic nanofibrous systems has been demonstrated through the aforementioned 

techniques to introduce gradients of growth factors75,76, but achieving complex 

spatiotemporal control over biochemical and biophysical features of a fibrous system 

remains challenging. Progressing towards polymers used in hydrogels offers a library of 

existent chemistries along with continual research to advance technology and address 

many of these concerns38,40,41 (Figure 2.1). This offers great potential to expand the 

possibilities within nanofibrous systems and to combine the strengths of hydrogel 

materials and nanofibers in engineering biomimetic environments38,40,41. 
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2.4. Hydrogel nanofibers 

The opportunities for increased control over the biophysical properties and 

spatiotemporal presentation of biochemical functionality has been a driving factor in the 

progression towards electrospun hydrogel fibers. Hydrogel fibers build on the strengths 

of hydrogel materials that can be chemically modified with functional moieties – for both 

crosslinking and introducing biomolecules1,65. These strengths allow for the precise 

tailoring of mechanical and chemical properties to replicate the tissue system of 

choice1,38. Thus, hydrogel nanofibers offer not only the potential for superior control over 

fiber properties compared to their hydrophobic analogs83, but the fibers also have the 

potential to provide a microenvironment that more closely mirrors the water-swollen, 

fibrous characteristics of natural tissue13–15.  

Fabrication of hydrogel nanofibers. Hydrogel nanofibers are produced via 

electrospinning similarly to other variants of polymeric nanofibers. Commonly, the solution 

consists of the hydrophilic polymer of choice (e.g. hyaluronic acid (HA), poly(ethylene 

glycol) (PEG), or dextran), a crosslinker (for systems that require a linker molecule), a 

photoinitiator (for photomediated reactions), and water as a solvent2,84,85. For lower 

molecular weight polymers, like HA and PEG, a high molecular weight polymer, typically 

poly(ethylene oxide), is added to increase solution viscosity and induce chain 

entanglements32,84–86. For higher molecular weight polymers, like dextran, this is not 

typically needed2,31,87. This solution is then typically extruded though a needle at low flow 

rates, at the point of which an electric field is applied to the solution. This induces a 

competing interaction between polymer chain entanglements within the solution and 

electrostatic repulsion from the voltage – which due to solution extrusion, elongates into 
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a Taylor cone. At the point of the Taylor cone, the solution vaporizes, which causes a 

polymeric fiber jet to form that whips and accelerates towards the grounded collection 

surface12,58. Following the deposition of the fibers, they must then be stabilized through 

some variation of crosslinking (to be described in depth-below) in order to facilitate water 

absorption into the polymeric networks as opposed to fibers solubilizing upon 

hydration2,84–86. Crosslinking also enables control over biophysical properties of hydrogel 

fibers, with degree of crosslinking directly affecting fiber parameters such as stiffness and 

diameter – which correlate with capacity for water swelling into the fibers86,88.  Once 

crosslinking is complete, facile functionalization of fibers is possible to introduce 

bioactivity into the fibrous hydrogel system. 

Introduction to hydrogel nanofiber crosslinking and stabilization. One 

specific suite of hydrogel-forming materials represents natural polymers due in part to 

their innate biocompatibility and presentation of relevant ligands89,90. For example, 

collagen inherently presents bioactive sites for integrin-mediated cell adhesion12. 

However, other polymers can also intrinsically interact with cells – such as hyaluronic acid 

(HA) (typically produced through fermentation processes1) with CD4491–93. That being 

said, cells tend to exhibit low adhesion to HA without chemical modifications to improve 

bioactivity86. Therefore, HA, as well as other polysaccharide materials such as dextran2, 

need to be functionalized with bioactive molecules prior to being utilized for cell culture 

systems.  It is also worth including other hydrophilic polymers in this category such as the 

synthetic polymer poly(ethylene glycol) (PEG)94. There are a whole host of established 

chemistries to modify the backbones of these exemplified hydrophilic polymers with 

pendant functional moieties, with these moieties doubling as both crosslinking sites and 
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biomolecule conjugation sites. Therefore, strategic modification of these polymers 

thereby provides significant user control over the resultant biophysical and biochemical 

characteristics of the nanofibers.  

Unlike hydrophobic materials, as discussed previously, polymeric materials used 

in hydrogels are soluble in water and fibers generated by electrospinning will dissolve 

upon hydration without stabilization. Thus, hydrogel-based systems must generally be 

stabilized through some form of intermolecular crosslinking between the polymers that 

comprise the nanofibers. In many cases, regulation of crosslinking enables control over 

physical properties, as will be discussed at greater length in the next section. Naturally-

derived polymers such as collagen95 and gelatin96, for example, can be electrospun; 

however, though the native materials undergo physical crosslinking, the resultant 

nanofibers themselves typically are not robust enough for handling without further post-

processing95,96. To circumvent this, crosslinking agents, like glutaraldehyde, have been 

utilized with collagen and gelatin to improve resultant mechanical properties95–99. 

Furthermore, Kishan et al. developed a platform for electrospinning gelatin that crosslinks 

on-the-fly using a diisocyanate crosslinker to retain fiber mechanical properties100. 

Another effective method to stabilize collagen/gelatin-based fibers leverages 

carbodiimide chemistry, such as EDC/NHS crosslinking, to introduce ‘zero-length’ 

crosslinks101–103. Chemical crosslinking has also been used to stabilize nanofibers formed 

from synthetic hydrophilic materials104, for example using glutaraldehyde to crosslink 

polyacrylamide (PA)105 and poly(vinyl alcohol) (PVA)106–108. Glutaraldehyde as a 

crosslinker readily reacts with pendant groups on PA and PVA to form linkages, and offers 
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the potential to provide user-defined control over the stiffness and swelling of resultant 

electrospun fibers105,106. 

Chemical modifications for covalent crosslinking of hydrophilic polymers. In 

many cases, the polymers forming the molecular backbones of these hydrogel materials 

are chemically modified using various strategies that enable their stabilization after 

electrospinning for use as fibrous hydrogel systems. Photoinitiated reactions represent a 

major platform for the stabilization of these hydrogel fibrous networks, and the common 

methodologies for photoinduced reactions leverage differing versions of the ene-ene 

scheme – for example through acrylate-based functional groups – and thiol-ene reactions. 

In the presence of light and a photoinitiator, ene-ene reactions undergo a chain-growth 

mechanism and form kinetic chains that crosslink the backbone polymers109. In the case 

of the thiol-ene reaction, photoinitiation produces a thiyl radical, which opens and 

subsequently binds with an adjacent alkene enabling stoichiometric crosslinking11,110–112. 

In addition to the crosslinking type, the degree of substitution on the polymeric backbone 

itself plays an important role in the regulation of downstream fiber mechanics113,114 – 

therefore, careful consideration is needed when designing the specific material system. 

Many of these hydrophilic polymers have been modified to present pendant 

alkenes (using methacrylates and vinyl sulfones, for example) for crosslinking post-

electrospinning. Gelatin is commonly modified with methacrylate moieties to create a 

material (GelMA) that can be stabilized by photoinitiated crosslinking of electrospun 

fibers115–117. Similar chemistry has been used to modify HA30,118, silk fibroin119,120, and 

PEG32,94. Dextran, another polysaccharide, can also be modified with methacrylate2,3,31 

or vinyl sulfone87 functional groups for crosslinking and subsequent reactions that aim at 
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improving bioactivity. In most cases, alkene groups within nanofibers allow for anhydrous 

radical-induced polymerization within fibers to stabilize the polymeric networks prior to 

hydration121. One of the strengths of photochemistries is the great potential for spatial 

control of reactions. Crosslinking, and therefore fiber stability (and ultimately mechanics), 

can be specified via selective irradiation of electrospun nanofibers through photomasks. 

Sundararaghavan et al. used this to introduce porosity within thick fibrous substrates that 

would aid in cell infiltration. By masking regions of fibers during anhydrous crosslinking of 

methacrylated HA nanofibers, leaving them unexposed to light, regions of fibers could be 

selectively dissolved during hydration122 (see Figure 2.3A). 

Disadvantages and considerations when electrospinning hydrogels. 

Although hydrogel materials have stark advantages over their non-hydrogel counterparts, 

there are some associated disadvantages that need to be considered when designing 

these material systems for electrospinning. For example, an important consideration 

when using some lower molecular weight polymers, like HA and PEG, is that a carrier 

polymer may be required during the electrospinning process to induce chain 

entanglements in the solution85,118. High molecular weight polymers – like poly(ethylene 

oxide) – may be added to the electrospinning solution to facilitate fiber formation and 

subsequently be washed away when the scaffolds are hydrated123. Furthermore, many 

biomaterials that form hydrogels are not ready for electrospinning ‘out-of-the-box’1. 

Specifically, many of the materials require chemical functionalization to introduce reactive 

moieties such as methacrylates2, vinyl sulfones124, or norbornenes86 to the polymeric 

backbones.  
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An additional disadvantage of using these functionalized materials is the batch-to-

batch variation in their synthesis, which can potentially alter fiber properties1. We refer to 

an excellent review by Caliari and Burdick1 for further information regarding synthesis and 

Figure 2.3. Importance of fiber physical properties for cell culture. (A, left to right): 
SEM micrographs of MeHA fibers with user-specified photopatterned pores, zoomed in 
micrograph of a photopatterned pore, and a column chart displaying modulus of scaffolds 
– with no significant difference between scaffolds with pores and scaffolds without pores. 
(A) Reprinted and adapted with permission from Sundararaghavan et al., copyright 2010 
John Wiley and Sons122; scalebars = 100 𝜇m. (B, left to right): hMSCs show increased 
cell spreading on stiff hydrogels as opposed to soft hydrogels – quantified by the column 
chart illustrating cell area (*p < 0.05). (C, left to right): hMSCs demonstrate increased 
spreading on soft rather than stiff hydrogel fibers – quantified by the column chart showing 
cell area (*p < 0.05). These differing results emphasize the need for careful consideration 
when designing the biophysical properties of fibrous hydrogels for cell culture. (B) and (C) 
Reprinted and adapted with permission from Baker et al., copyright 2015 Springer 
Nature2; scalebars = 50 𝜇m. 
 
 



29 

 

considerations of common hydrogel biomaterials. Finally, an inherent issue with these 

hydrophilic materials is the need to crosslink the fibers immediately post-electrospinning, 

prior to any further functionalization2,85,86. Once the material and crosslinking strategy are 

chosen, however, the resultant biophysical and biochemical properties can be easily 

modulated – as described in the following sections. Please refer to Table 2.1 for a 

representative list of hydrogel biomaterials that have been electrospun, along with a few 

established methods for crosslinking and modulating the resultant biophysiochemical 

properties. 

 

2.4.1. Hydrogel nanofibers enabling control over physical properties 

As noted, the physical properties of cellular microenvironments exert strong 

influences over cell behaviors and phenotypes125,126. In nanofibrous systems, hydrogel-

based materials offer possibilities for engineering these properties, such as the 

mechanical and viscoelastic environments with which cells interact, within a fiber-based 

environment to achieve certain outcomes or interrogate biological questions. 

Ene-ene mechanism for controlling physical properties. Within systems 

crosslinked via chain-growth polymerizations, the possibility to propagate kinetic chains 

after an initial fiber-stabilizing crosslinking allows further light exposures to generate 

increasingly stiff fibrous networks113 as well as spatially control mechanical features. This 

property allows for direct-user control over resultant fiber crosslinking density, and 

consequently fiber stiffness, via irradiation duration87.  

Following the deposition and stabilization of hydrogel fibers, cell behaviors can be 

analyzed in in vitro tissue models that more closely mirror physiological features and 
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enable experiments that assess cellular responses to perturbations of these 

environments. In ene-ene  systems, control over mechanical properties, such as Young’s 

modulus, has allowed cellular responses to environments of differing fiber stiffnesses to 

be assessed2,3,30,31. For example, Baker et al. leveraged a methacrylated-dextran system 

and demonstrated that cell spreading behaviors on 2D stiff fibers (55 kPa, network 

stiffness) were inhibited in comparison to 2D soft fibers (2.8 kPa, network stiffness) – a 

phenomenon that is the inverse of what is seen on 2D hydrogels (Figure 2.3B-C)2. Baker 

et al. propose that this is due to the cells’ superior ability to recruit fibers on soft substrates 

as opposed to stiff2, a notion that is corroborated by a computational model presented by 

Cao et al. that suggests increased focal adhesion size when matrix fibers are recruited 

by cells42.  Highlighting the complexity of mechanoresponsive cellular behaviors that can 

be influenced and interrogated in these systems, modulating fiber stiffness allows for 

design of 3D environments with high cell infiltration, combating the poor infiltration 

typically seen through the small pores of electrospun scaffolds127–129. Interestingly, Song 

et al. demonstrated that cellular infiltration can be improved by utilizing stiffer 

methacrylated-hyaluronic acid (MeHA) fibers88, a concept that is seemingly contradictory 

to more cell spreading exhibited on soft fibers. This phenomenon can likely be attributed 

to the tendency of cells to recruit matrix fibers88,130, which in turn decreases downstream 

pore size88. In fact, Song et al. demonstrate that on short time scales, cells invade soft 

fibers quickly, but then are stagnant at longer time scales – whereas cells continually 

invade stiff fibers across these longer time scales88. Furthering this, Heo et al. 

investigated the effect of nuclear stiffening as a response to matrix mechanics on cellular 

infiltration into these dense fibrous scaffolds131. The result of this work demonstrated that 
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momentary softening of the nucleus improves infiltration – suggesting that a combination 

of nuclear softening in conjunction with stiffer fibers can aid in cell migration into thick 

fibrous matrices131.  

The ene-ene chain-growth polymerization is a common method for developing 

hydrogel fibers; however, in utilizing a chain-growth polymerization technique for 

crosslinking fibers and controlling mechanics, one must account for the continued growth 

and formation of kinetic chains in subsequent exposures to light. This additional exposure 

can result in increasingly stiff material environments and can cause heterogeneities 

leading to an inconsistent global network – an issue seen in aqueous chain-growth 

polymerization132,133.  

Thiol-ene mechanism for controlling physical properties. In comparison, the 

light-mediated thiol-ene step-growth polymerization offers many of the same strengths of 

photochemical reactions, but with increased spatiotemporal control over the formation of 

hydrogel networks109,112. Similar to the ene-ene chemistry, hydrophilic polymers have 

been modified with functional groups for thiol-ene photopolymerization. This reaction 

relies on a functional alkene that readily reacts with nearby thiyl radicals that are typically 

induced by a photoinitiator110. Commonly, these polymeric backbones for electrospinning 

include, or are modified with, alkenes such as norbornenes85,86 and acrylates134 – among 

others135. To crosslink the fibers, the electrospinning precursor solution must include a 

crosslinking molecule with multiple thiols, and after electrospinning but before hydration, 

fibers should be exposed to light to stabilize the fibers, similar to ene-ene chain-growth 

polymerization. As before, light-initiated chemistry allows spatial control over the reaction, 

with unexposed regions able to be dissolved upon hydration. As mentioned, the thiol-ene 
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reaction is advantageous because it can be designed stoichiometrically to directly control 

crosslinking density via molar ratios of reactive groups within the crosslinker relative to 

the polymeric backbone, with near ideal networks forming through a step-growth 

mechanism132. The ability to control the level of crosslinking also enables residual alkenes 

to be preserved after crosslinking for subsequent reaction with molecules containing thiols 

– for example, in the addition of biomolecules86,112, which will be discussed in further depth 

in the next section, or in introducing additional crosslinking molecules to modify 

mechanics with the spatiotemporal control afforded by photochemistry. 

Aiming to utilize thiol-ene chemistries to engineer the mechanical environment 

cells interacted with, Iglesias-Echevarria et al. designed a coaxial electrospinning method 

with PCL as the core polymer for structural stability, and PEG-norbornene (PEGNB) as 

the sheath for tunability136. The PEGNB outer layer afforded control over resultant 

stiffness of the fibers, while also leaving behind residual norbornene groups for 

subsequent conjugation of thiolated RGD motifs for increased cell adhesion. The stiffness 

of the PEGNB sheath was modulated to investigate cellular response to differing 

environments. When bovine pulmonary artery endothelial cells were seeded on fibers of 

varying stiffnesses, higher cell infiltration and deposition of matrix materials (e.g. collagen, 

elastin) were seen on fibers with greater Young’s moduli136 – a result in line with those 

mentioned above by Song et al. utilizing a MeHA fibrous system88. Another interesting 

approach employed by Yang et al. involved electrospun poly((3-

mercaptopropyl)methylsiloxane) (PMMS) with triallyl cyanurate (TAC) as the 

crosslinker137. PMMS has pendant thiol groups that can react with any of the alkenes on 

TAC to form a crosslink that stabilizes the fibers, with residual thiols available for further 
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modification. In addition to the flexibility in the crosslinking afforded by this system, Yang 

et al. leveraged the residual thiols on TAC to conjugate a maleimide-modified poly(N-

isopropylacrylamide) (PNIPAAm) to the fibers – exploiting the thermal-responsiveness of 

PNIPAAm for user-control over resultant fiber hydrophobicity137.  In regard to physical 

properties, the thiol-ene reaction is a facile, powerful platform for the formation of hydrogel 

fibers for cell culture, providing high levels of control over the resultant fibrous scaffolds. 

Summary – controlling hydrogel nanofiber physical properties. The physical 

properties of hydrogel nanofibers can be particularly well-regulated through 

photochemistries developed for bulk hydrogels; however, these platforms typically yield 

static fibers without the inclusion of further processing for dynamic complexity. There 

exists potential for other chemistries, including in situ reactions to be expanded upon 

below in the section outlining dynamic fiber systems – which can perhaps be used in 

conjunction with the aforementioned photoinduced chemistries in dual-crosslinking 

systems. It is worth reiterating that while these hydrogel fiber systems allow strategic 

control over physical properties that cells experience, regardless of how these fibers are 

crosslinked, the nanofiber diameters will increase upon fiber hydration – a phenomenon 

that is directly correlated with polymer hydrophilicity and crosslinking density88. Thus, 

careful balance and consideration are required when designing a hydrogel fiber system 

that recapitulates the physical properties of the tissue system of choice. However, the 

physical properties only tell half the story of physiologically-relevant ECM. To design an 

in vitro system that is truly indicative of natural tissue, a synergistic approach that 

incorporates both the relevant biophysical and biochemical signals is required. 

Fortunately, the crosslinking methods described above not only provide direct control over 
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the physical properties, but they can also be used to spatiotemporally incorporate desired 

biomolecules into the nanofibrillar environment. 

 

2.4.2. Hydrogel fibers enabling modulation of biochemical properties 

Within hydrogel materials, modifications such as those described above allow for 

spatiotemporal modulation not just of the biophysical properties, as there has been 

considerable progress in utilizing the same chemistries in controlling biochemical 

properties too. Hydrogels can be designed such that the functional groups used to bind 

crosslinking molecules might also bind biofunctional molecules, and careful control of the 

crosslinking process can leave unreacted sites within the hydrogel after crosslinking to 

couple molecules that increase bioactivity for cellular studies86,87. The ene-ene and thiol-

ene reaction pathways that have been described above are also commonly utilized to 

introduce these biochemical signals; however, there are alternative chemistries under 

development that achieve similar results. We aim to provide an overview of chemistries 

for incorporating biomolecules into nanofibrous scaffolds based on hydrogel materials, 

where, in comparison to hydrophobic polymers, aqueous media can be used for all 

reactions36,37,86. 

Ene-ene mechanism for controlling biochemical properties. Ene-ene chain-

growth, though more commonly employed in crosslinking fibers without further 

functionalization via the mechanism, can be used to introduce biochemical cues. For 

example, Davidson et al. conjugated methacrylated heparin to free vinyl sulfone groups 

on dextran fibers through ene-ene photopolymerization to investigate the influence of 

heparin presentation on resultant cell adhesion and matrix protein sequestration87. The 
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addition of heparin was demonstrated to correlate with improved cell adhesion, as well as 

improved binding of cell-secreted fibronectin to the dextran fibers87 (Figure 2.4A). 

Extending the use of heparin to trap biomolecules such as the cell-secreted fibronectin, 

Mays et al. conjugated methacrylated heparin to hyaluronic acid fibers to facilitate growth 

factor sequestration in order to promote chick dorsal root ganglia neurite length138. 

An important consideration in methods that functionalize fibers that were 

crosslinked via photoinitiated chain-growth polymerization through another photoinitiated 

reaction, is the effect of the subsequent reaction on kinetic chains formed during 

crosslinking. These kinetic chains can continue to propagate with the continued addition 

of radicals87, and this may increase the Young’s modulus of the fibers through additional 

crosslinking. To surmount this challenge, researchers may leverage the Michael-type 

addition reaction, where thiolated molecules bind to double bonds at slightly elevated pH, 

to incorporate functional molecules onto the pendant alkenes within these systems, 

avoiding further polymerization. 

Thiol-ene (Michael addition) for controlling biochemical properties. The 

Michael addition is often used to conjugate thiols to pendant alkenes in hydrogel 

systems139–143. This chemistry allows for facile, homogenous conjugation of thiolated 

biomolecules to fibrous networks containing alkenes3,87,118. This conjugation can be 

calculated stoichiometrically, allowing for precise control over the level of 

functionalization. Therefore, this reaction can occur either pre-electrospinning, to modify 

polymeric materials that will be used in the electrospinning processs118, or after the 

crosslinking step that typically follows electrospinning2. For example, although HA is a 
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naturally-occurring polymer that interacts with cells via the CD44 surface receptor, HA 

hydrogel substrates still require modification with ligands that can bind adhesive proteins 

Figure 2.4. Introducing biochemical cues into fibrous hydrogels. (A, left to right): 
Dextran-vinyl sulfone (DexVS) fibers (magenta) were seeded with human lung fibroblasts 
(nuclei shown in yellow) in the presence of RGD or RGD + heparin. Conjugation of RGD 
+ heparin to DexVS fibers increased the secretion and subsequent binding of fibronectin 
(white) onto the fibrous matrix. (A) Reprinted and adapted with permission from Davidson 
et al., copyright 2020 Elsevier87; scalebar = 200 𝜇m. (B, left to right): spatial patterning of 
thiolated fluorophores onto NorHA fibers via thiol-ene click chemistry. Zoomed in images 
show high pattern fidelity, and the ability to pattern multiple biomolecules on the same 
scaffold – indicated by the red, green, and blue fluorophores on the fibers. The ability to 
pattern adhesive regions, using an RGD motif, allows for preferential cellular localization 
in RGD+ regions that elongate in the direction of fiber alignment. (B) Reprinted and 
adapted with permission from Wade et al., copyright 2015 John Wiley and Sons86; 
scalebars (left to right) = 100 𝜇m, 25 𝜇m, 100 𝜇m, and 100 𝜇m. (C, left to right): Patterning 
of bioactivity on synthetic fibers using UV irradiation. Rat Schwann cells exhibited a less 
elongated morphology on non-bioactive substrates (far left) when compared to substrates 
that were activated with UV light (middle left). The use of photomasks allowed for 
introduction of linear bioactive regions (middle right) which promoted cell attachment over 
non-bioactive regions (far right). (C) Reprinted and adapted with permission from Girão 
et al. 2019145; scalebars (left to right) = 200 𝜇m, 200 𝜇m, 100 𝜇m, and 100 𝜇m. 
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on cell surfaces to improve cell adhesion86. Kim et al. used the based-catalyzed Michael 

addition to controllably introduce RGD motifs onto electrospun MeHA fibers and 

demonstrated that higher presentations of RGD resulted in increased hMSC spreading, 

proliferation, and formation of focal adhesions118. Furthermore, Sundararaghavan and 

Burdick were able to introduce gradients of RGD in the Z direction into dense fibrous 

substrates using a novel electrospinning setup that deposited unmodified MeHA and high-

RGD-modified MeHA at varying flow rates144. The thiol-Michael addition is a powerful and 

versatile method to introduce controlled densities of biomolecules into fibrous hydrogel 

systems; however, due to the requirement of a basic pH for the reaction to proceed, there 

is minimal spatial control over the presentation of these molecules2,3,30,87,118, as materials 

that are undergoing modification are often uniformly immersed into a basic buffer 

containing the thiolated molecule of interest. For spatially controlled addition of bioactivity 

into fibrous systems, the radical-induced thiol-ene conjugation is preferable. 

Thiol-ene (radical induced) for controlling biochemical properties. Due to the 

inherent complexity of natural ECM5–7, as well as the desire – in many experiments – to 

study cellular responses to differential signals in their microenvironments, the ability to 

tightly control the heterogeneity of biochemical functionalization of in vitro tissue culture 

scaffolds is desired. The radial-induced coupling of thiolated molecules onto pendant 

alkenes of hydrogel fibers allows for the precise localization of bioactive molecules that 

control cellular behaviors, such as adhesion, at high fidelity86,135. As discussed previously, 

this photochemistry allows light exposure to control the positioning of these molecules, 

so strategically designed photomasks, or carefully focused light, can be employed to 

control where coupling occurs in XY space. Wade and coworkers demonstrated the 
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former using aligned electrospun nanofibers created from norbornene-functionalized 

hyaluronic acid (NorHA)86. In this seminal work, Wade et al. showed that through 

stoichiometric calculations, multiple thiolated peptides (in this case, red/green/blue 

fluorophores) can be conjugated to fibrous NorHA surfaces – indicating that multiple 

bioactive molecules can be controllably introduced86. Furthermore, using a thiolated RGD 

motif, Wade et al. demonstrated how 3T3 fibroblasts responded to a combination of 

microenvironmental cues: a controlled spatial presentation of RGD on an aligned 

nanofibrous topography86 (Figure 2.4B). Moreover, Sharma and coworkers 

demonstrated the relative ease in employing this chemistry with PEG-norbornene fibers 

in a microarray system. This high-throughput platform allowed for investigation of multiple 

thiolated peptides with a multitude of cell types to probe cellular responses to differing 

microenvironments85. These results, taken together, clearly support the power of this 

chemistry scheme to control the biochemical cues that are necessary to incorporate into 

cell culture systems. 

UV-irradiation for controlling biochemical properties. In addition to radical-

induced coupling, selective UV irradiation has been used to control localization of relevant 

biomolecules on hydrogel fibers. Similar to the UV functionalization of PLA nanofibers, 

Girao et al. used the block copolymer poly(ethylene oxide terephthalate)/poly(butylene 

terephthalate) (PEOT/PBT) to synthesize nanofibers145. This block copolymer provides a 

hydrophilic region (PEOT) and a brittle, hydrophobic region (PBT) – meaning the resultant 

fibers can absorb high percentages of water. The surfaces of these water-swollen fibers 

were then subsequently functionalized via selective UV irradiation to spatially control the 

introduction of reactive groups for biomolecule and cell adhesion. Biomolecules – such 
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as fluorescein isothiocyanate (FITC)-tagged BSA – were conjugated vertically through 

the material in the XY plane and rat Schwann cells adhered selectively to functionalized 

regions145 (Figure 2.4C). The ability to tailor mechanical properties of the resultant fibers 

by modulating block lengths in the copolymer, in addition to spatial control over 

presentation of biochemical cues, makes this platform particularly attractive in the use for 

tissue engineering scaffolds. 

Summary – controlling hydrogel nanofiber biochemical properties. Methods 

like those described above allow for easy and controllable incorporation of relevant 

biochemical signals into fibrous hydrogel tissue culture systems and demonstrate 

strengths and potential of hydrogel-based nanofibrous platforms. It is of note that the thiol-

ene reaction allows for calculated, stoichiometric crosslinking, leaving residual alkenes 

available for biomolecule conjugation86, although similar control might be exerted through 

careful regulation of other reactions. Light-based mechanisms offer strengths in enabling 

selective spatial specification of reactions. UV functionalization of fibers has 

demonstrated the potential to achieve the same end goal, albeit in hydrophobic 

materials145, whose properties such as biocompatibility, degradation, and amenability to 

modification must be carefully considered in material design. Other hydrophilic materials, 

such as hyaluronic acid and dextran, have strong track records in these areas, but the 

chemical structure and properties of the backbone polymer are predetermined1,146. 

Regardless of the material selection and chemistry design, hydrogel fibers offer 

possibilities for high resolution spatial control over the heterogeneity of tissue culture 

platforms, and materials might easily be combined for next-generation fibrous systems. 
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2.5. Towards dynamic complexity and mimicking natural tissue 

With technologies established to engineer nanofibrous substrates with specific 

biophysiochemical properties, it is now possible to precisely control the spatial 

heterogeneity of biophysical and biochemical cues within the scaffolds. Because of this, 

there is exciting progress in the development of fibrous hydrogel systems that mimic 

natural tissue, with an emphasis on dynamic complexity – where properties of these 

systems might be designed to change or be controlled over time. 

Engineering degradability into hydrogel nanofibers. Advances in the 

engineering of bulk hydrogels, both in 2D and 3D, have demonstrated unique strengths 

in this area – for example in material designs using enzymatically degradable crosslinkers 

to allow for physiologically-mediated decomposition of the scaffolds147–149 – and it follows 

that nanofibers based on hydrogel systems would have similar potential. The potential to 

engineer materials technologies established in bulk hydrogels into hydrogel-based 

nanofibers is illustrated by the development of electrospun HA fibers crosslinked with a 

protease-sensitive crosslinker8, establishing enzymatic degradability based on materials 

first used as bulk hydrogels150. Wade and coworkers leveraged a maleimide-

functionalized HA that was electrospun with a crosslinker peptide that was degradable 

enzymatically by rhMMP-2 and Type II collagenase8 (Figure 2.5A). The addition of this 

degradability into fibrous hydrogels allows for dynamic restructuring of the fibrous ECM 

by resident cells via the secretion of enzymes and subsequent deposition of new matrix 

proteins. Wade et al. furthered this work by demonstrating efficacy of degradation in vivo 

– highlighting aspects important to translation in a subcutaneous implantation model8.  
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Dynamic fibers for selective molecule delivery. Dynamic properties in fibrous 

hydrogels are also embodied in applications that load the fibers with bioactive molecules 

to create temporal signaling. Temporal control over the release of chemokines or 

cytokines represents technologies with great potential for nanofibrous systems to 

influence cellular behavior and regeneration. Applications of controlled release from 

nanofibrous systems predominantly center on drug delivery applications, and there are 

several comprehensive reviews on this topic55,82,151; we highlight a few systems here to 

illustrate technologies that might be applied in nanofibrous systems designed for tissue 

engineering and regenerative medicine.  

Non-hydrogel fibers have demonstrated effectiveness in the delivery of molecules 

by both coating fibers152,153 and incorporating bioactive molecules in the precursor 

solution153. Ahire and coworkers adsorbed HA to the surface of poly(D,L, lactide) fibers 

and demonstrated a sustained, linear release of HA over time152. Xia et al. also showed 

efficacy in the sustained delivery of adsorbed vascular endothelial growth factor (VEGF) 

to the surface of poly (L-lactic acid) fibers that included nerve growth factor (NGF) in the 

core153. This two-step release allowed for sequential addition of biomolecules to the local 

environment and can, in theory, be applied to a multitude of growth/soluble factors.  

Hydrogel fibers have also demonstrated promising results in the field of drug 

delivery. For example, Kishan and coworkers developed a platform that provides a 

sustained release of proteins to the local environment using different types of crosslinked 

gelatin fibers154. Their methacrylated gelatin system relied on traditional mass transfer for 

the release of a model protein incorporated within the fibers. On the other hand, gelatin 

crosslinked using a diisocyanate molecule was loaded with a model protein that reacted 
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with the gelatin backbone, and protein release in this scenario relied on gelatin 

degradation to free the protein from the fibers154. These two gelatin systems can be 

Figure 2.5. Dynamic complexity in electrospun fibers. (A): HA hydrogel fibers were 
crosslinked with a peptide crosslinker that was susceptible to degradation via matrix 
metalloproteinases (MMPs). (Left): degradation of MMP-sensitive HA fibers in the 
presence of differing concentrations of Type II collagenase (# p < 0.05, for all test groups 
versus control), and (right): degradation of HA fibers crosslinked with a peptide that is not 
sensitive to Type II collagenase (* p < 0.05, for 500 U/mL group versus control). There is 
a clear positive degradation effect when using an MMP-sensitive crosslinker. (A) 
Reprinted and adapted with permission from Wade et al., copyright 2015 Springer 
Nature8.  (B): Triaxial electrospun fibers for sustained drug release. (Left): schematic of 
the triaxial fibers that include a polymeric coating around the innermost fiber to slow drug 
release. (Right): Model drug release (KET) from core-shell fibers (blue triangles) and 
triaxial fibers (green circles). Core-shell and tri-layered fibers both exhibited quick release 
past stage I (40% of release), but tri-layered fibers slowed the release throughout stage 
II compared to core-shell fibers – due to the polymeric coating introduced around the core. 
(B) Reprinted and adapted with permission from Yang et al., copyright 2020 Elsevier156. 
(C, left to right): Hydrazide and aldehyde-functionalized NorHA fibers (i) that react to form 
hydrazone bonds when in contact (ii) – allowing for permanent, covalent rearrangement 
of fibrous scaffolds (iii). (C) Reprinted and adapted with permission from Davidson et al., 
copyright 2019 John Wiley and Sons167; scalebars = 100 𝜇m. 
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employed together to provide a tunable, sustained release of desired proteins from 

hydrogel fibers to support tissue growth and regeneration. 

Core-shell fibers have also proven to be advantageous in the release of bioactive 

molecules to the adjacent environment. In the spirit of hydrogel fibers, a core-shell fibrous 

system was developed for the thermally-responsive release of rhodamine B155. The shell 

was comprised of poly-L-lactide-co-caprolactone (PLCL) and the core of poly(N-

isopropylacrylamide-co-N-isopropylmethacrylamide) (P(NIPAAm-co-NIPMAAm)) – a 

thermally responsive polymer. The addition of the thermally-responsive P(NIPAAm-co-

NIPMAAm) core allowed for a slower, more sustained release when compared to just a 

PLCL control155. Extending this, Yang and coworkers developed triaxial nanofibers 

comprised of polyvinylpyrrolidone (PVP) and cellulose acetate (CA), using ketoprofen 

(KET) as a model drug156. Yang et al. assert that the use of a tri-layered electrospun fiber 

yielded a more beneficial release profile initially, and the use of a CA blocking layer around 

the core provided a longer, more sustained release than a two layered system156 (Figure 

2.5B). While these are select examples of the extensive work in this area55,82,151, they 

illustrate the potential to engineer nanofibers to control release profiles and deliver 

important bioactive molecules relevant in cellular systems.  Continuing work in designing 

dynamic delivery systems has direct implications for engineering temporal complexity into 

electrospun fibers. 

Improving cell infiltration. Incorporating dynamicity into electrospun fibers is an 

important consideration in developing nanofibrous scaffolds that interface with cells and 

natural tissue, especially in translation of regenerative materials, as touched on above 

with respect to controlled release. Efforts to develop dynamic fibrous structures have 
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sought to overcome a challenge faced by electrospun fibers in implantation: small pore 

sizes between fibers in larger, dense mats that are of clinically relevant dimensions 

prevent efficient cell infiltration into the scaffolds127–129. One way to surmount this 

challenge, in addition to the aforementioned intrafiber modifications such as enzymatically 

degradable crosslinks, is to spin multiple fiber types into a single substrate, where a fiber 

type might confer dynamic features into the substrate, such as increasing its porosity 

upon implantation. Specifically, water-soluble poly(ethylene oxide) (PEO) sacrificial fibers 

that dissolve in water, but take up space during fiber deposition and contribute to the initial 

structure of a larger electrospun substrate, can be co-spun with a material that is stable 

and persists over longer timescales157–159. This method has shown to improve infiltration, 

without hindering cellular transduction of microenvironmental cues158. This technique has 

been extended to the development of an engineered intervertebral disc, where an annulus 

geometry was designed with PCL fibers as the outer shell and hydrogel as the inner 

core160. The addition of PEO sacrificial fibers helped increase cell infiltration into this disc 

model which yielded superior matrix deposition when compared to the control that did not 

include sacrificial fibers160. 

Molecular-level dynamic complexities. Dynamic chemistries at the molecular 

level also offer the potential for engineering dynamic behaviors that emerge at the scales 

of individual fibers and fibrous systems. Chemical crosslinking approaches that allow for 

fibers to rearrange in response to outside perturbations—either during assembly of 

structures or through interactions with cells—have been demonstrated to enable the 

creation of complex fibrous constructs and to allow cells to modify the physical 

environment they experience over time.  For example, dynamic supramolecular 
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crosslinking, where non-covalent, reversible interactions occur between complementary 

molecules on different polymers, can be used to assemble nanofibrous substrates and 

create structures with biomimetic complexity. Hyaluronic acid functionalized with 

methacrylates for covalent stabilization of fibers and also 𝛽-cyclodextrin (CD) (CD-MeHA) 

can be used to create nanofibers that form reversible bonds at interfaces with materials 

similarly functionalized with adamantane through supramolecular host-guest 

interactions84. CD is a cyclic host molecule with a hydrophobic core that hydrophobically 

interacts with guest molecules, such as adamantane (Ad) in noncovalent bonds that can 

be dynamically disrupted and restored161–164. By designing nanofibers that present 

complementary functionalities on their surfaces, a nanofibrous substrate presenting CD 

could be adhered to another presenting Ad, offering capabilities to generate layers of 

aligned fibers that might be useful in cartilage or cardiac tissue engineering applications, 

where they might reproduce fibrous tissue structures84. 

Reversible bonds, like the Ad-CD guest-host system, have been demonstrated to 

introduce viscoelasticity into hydrogel tissue culture systems – allowing for cells to easily 

deform and remodel the local microenvironment155,165,166. Nanofibrous systems with 

dynamic properties that enable cells to remodel their physical surroundings offer unique 

capabilities beyond bulk hydrogels, to observe, study, and perturb cellular behaviors 

through their interaction with fibrous materials. As discussed extensively here, these 

materials can be designed to offer ECM-like topographies as well as ECM-mimetic 

biophysical and biochemical features which offer cells more freedom of motion than might 

be achieved by encapsulating cells within a 3D hydrogel network. Towards establishing 

nanofibrous systems that allow dynamic, cell-responsive rearrangements of 
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microenvironmental physical features, Davidson et al. used NorHA that was additionally 

modified with either hydrazide or aldehyde groups (NorHA-Hyd and NorHA-Ald, 

respectively) to dual-electrospin a fibrous blend of NorHA-Hyd and NorHA-Ald167. At the 

fiber surfaces, hydrazide and aldehyde functional groups reacted to form hydrazone 

bonds when the two fiber types were in contact, i.e. an adhesive interaction150,167,168 

(Figure 2.5C). The interaction is proposed to allow cells to dynamically remodel the 

surrounding matrix by recruiting fibers with traction forces – with the recruited fibers 

subsequently reacting to preserve the structure167. Xu et al. also employed this chemical 

functionality within poly(oligoethylene glycol methacrylate) (POEGMA) fibers. POEGMA 

was functionalized with hydrazide/aldehyde moieties, which allowed for immediate in situ 

crosslinking following double-barrel electrospinning168. Xu et al. found that the 

hydrazide/aldehyde reaction allowed for the quick formation of crosslinks that were 

degradable both hydrolytically and enzymatically168. 

Hydrogel fibers in the third dimension. Towards increasing the dimensionality 

of fibrous constructs or adding fibrous features to 3D tissue models, electrospun fibers 

have also been employed in 3D contexts – such as dispersion into bulk hydrogels124 and 

shape-shifting 3D scaffolds169, as highlighted here. The addition of fibrous networks 

dispersed within amorphous bulk hydrogels allows for recapitulation of the fibrillar nature 

of endogenous ECM, in a physiologically relevant 3D environment4. For example, Matera 

et al. demonstrated increased human dermal fibroblast spreading in hydrogels with 

dispersed dextran fibers, as well as cellular morphological changes in a fiber density-

dependent manner124 (Figure 2.6 Top). This example reinforces the stark influence of the 



47 

 

biophysical signals that fibers provide within 3D cell culture systems as researchers 

progress towards perfecting models of ECM in vitro.  

From a biofabrication-specific standpoint, Chen and coworkers demonstrated the 

ability to electrospin poly(N-isopropylacrylamide) (P(NIPAAm)) hydrogel nanofibrous 

scaffolds that were secondarily crosslinked via UV light with acryloylbenzophenone 

(P(NIPAAm-ABP)) to form thermo-responsive mats169. Photocrosslinkable P(NIPAAm) 

solutions were also 3D printed onto these electrospun mats to provide rigid structure (i.e. 

trusses) to the mats. Due to P(NIPAAm)’s conformational changes above and below its 

lower critical solution temperature (LCST), the electrospun mats with supports exhibit 

(Top): Dispersion of DexVS fibers in 3D GelMA 
hydrogels. Increasing concentrations of suspended fibers (from left to right) demonstrates 
stark influence of fiber density on cell morphology – 0% and 2% show high levels of 
spread, whereas 0.5% shows a uniaxial morphology. (Top) Reprinted and adapted with 
permission from Matera et al., copyright 2019 American Chemical Society124; scalebar = 
10 𝜇m. (Bottom): P(NIPAAm-ABP) electrospun fibers with 3D printed supports. (from left 
to right): schematic of 3D printed supports atop of the nanofibrous P(NIPAAm-ABP) 
substrate; scaffold is suspended in water and adopts a relaxed conformation since the 
temperature is below the LCST (0° C); scaffold rolls and deforms when suspended in 
water with a temperature above the LCST (37° C) – thus acting as a shape-shifting 
hydrogel nanofiber system. (Bottom) Reprinted and adapted with permission from Chen 
et al., copyright 2018 John Wiley and Sons170; scalebars = 5 mm. 
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shape changes upon temperature transition around the LCST due to the amount of water 

that is contained within the fibrous network. Below the LCST (0° C), P(NIPAAm-ABP) 

scaffolds demonstrated a relaxed structure; however, once the temperature was 

increased to above the LCST (37° C), the scaffolds rolled into shapes that were dictated 

by the structures 3D printed atop of the mats – hence shape-shifting nanofibrous hydrogel 

scaffolds (Figure 2.6 Bottom)169. This system demonstrates efficacy in controlling the 

topography of nanofibrous hydrogel culture systems and can be extended to virtually any 

tissue system where 3D geometric structure is of interest. 

Summary – dynamic complexity and mimicking natural tissue. Work in the 

field continues to advance dynamic features in fibrous cell culture systems that will be 

central to mimicking natural tissue systems, probing fundamental biological questions, 

and successfully designing systems for regenerative medicine. The inclusion of protease 

degradable crosslinkers, dynamic remodeling, sacrificial fibers for increased cellular 

infiltration, and the extension towards 3D scaffolds are key progressions in the 

development of fiber systems. However, the field of electrospun fibers – namely hydrogel 

fibers – is still trending behind the progress seen with 2D/3D bulk hydrogel systems, and 

there exists clear potential for hydrogel-based nanofibers to continue to be engineered to 

better recapitulate native physiology and control cell behaviors. 

 

2.6. Next generation hydrogel fibers 

As the field continues to progress towards fibrous hydrogel systems that recapture 

the salient features of a tissue system of interest, technology developed for engineering 

2D/3D bulk hydrogels offers considerable opportunities for application in electrospun 
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hydrogel systems. For example, expanding upon chemistries enabling dynamic 

degradation via the usage of a protease-sensitive crosslinker, chemical functionalities 

exist that allow directed degradation, such as photocleavable crosslinking through 

nitrobenzyl ether groups developed and demonstrated by the Anseth group170,171. These 

have allowed for user-defined degradation at extremely short timescales relative to 

protease degradation.  

 Technologies that allow reversible biochemical cues to be incorporated into bulk 

hydrogels offer the potential for dynamic spatiotemporal control over microenvironmental 

features. The presentation of relevant biomolecules within the ECM is constantly in flux4–

7, and the ability to replicate this signaling complexity within an engineered 

microenvironment is critical to studying and replicating biological processes. Work that 

has reversibly, and repeatedly, introduced bioactive molecules into culture systems has 

utilized both covalent and supramolecular chemistries. Light-based approaches include 

nitrobenzyl ether techniques to photocleave the molecules from the scaffolds10,172, while 

the Anseth group designed an allyl-sulfide that mediates multiple thiol-ene click reactions 

for incorporation and subsequent removal of desired molecules11,111. These studies were 

conducted with bulk PEG hydrogels but can conceivably be applied to PEG electrospun 

fibers or other hydrogel fibers that are modified to support these chemistries.  

 Groups have also employed supramolecular chemistries to reversibly incorporate 

bioactive molecules in hydrogel materials. Guest-host interactions allow for self-assembly 

of molecules but can be easily disrupted via the addition of a competing molecule173. For 

example, Boekhoven et al. utilized 𝛽-cyclodextrin as a host molecule and took advantage 

of differing affinities of naphthyl and adamantane to reversibly incorporate 
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biomolecules173. To develop technology enabling greater control over these reversible 

interactions, oligonucleotides with toeholds have been employed for their ability to provide 

bioactive domains on hydrogel surfaces174. Bioactivity was removed via the addition of 

complementary oligonucleotides that took advantage of the toehold region – providing a 

system with defined bioactivity by cyclical addition of these oligonucleotides174. Both of 

these examples demonstrated the ability to control cell morphology and spreading based 

on the presentation of these bioactive ligands on alginate surfaces173,174. Extending 

technologies such as these onto established hydrogel fibers would broaden opportunities 

to dynamically modulate complexity in water-swollen fibrous networks.  

With continued progress and innovation in the materials design of fibrous hydrogel 

systems – and building upon exciting observations enabled by these platforms – we 

believe that it is inevitable that the technologies mentioned above will pave the way for 

platforms that truly recapitulate the endogenous ECM. With the growing understanding of 

the hydrated, fibrillar structure and function of the extracellular matrix, this progress is 

needed before we can truly probe fundamental physiological processes in vitro. As we 

progress forward, the growing ability to precisely define the biophysiochemical properties 

of an in vitro system offers the unique capability of engineering biomimetic environments 

for controlled perturbations to homeostasis in order to understand fundamental 

physiological function, dysfunction, development, and regeneration. Moreover, in addition 

to this fundamental experimentation, the ability to replicate natural tissue would be a 

significant stride towards the seamless integration of engineered therapeutics for 

successful tissue regeneration. With applications ranging the full scale of tissue 

engineering – from fundamental studies to clinical translation – the development of 
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dynamic, fibrillar hydrogels offers seemingly limitless potential as the field continues to 

develop. 

 In this regard, this thesis aims to offer novel biofabrication platforms to engineer 

dynamic complexities into electrospun hydrogels – specifically to increase the 

dimensionality of the resultant fibers in both time and space. Particular focus is placed on 

(1) incorporating user-defined, temporal control over the presentation of biomolecules 

within fibrous hydrogel scaffolds (time dimension) and (2) developing 3D, ECM-mimetic 

hydrogel environments using electrospun hydrogel fiber building blocks (space 

dimension). The biofabrication platforms described herein aim to offer generalizable 

materials approaches that are accessible to the general scientist, thereby providing the 

tools necessary to design models of virtually any tissue system in vitro.  
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Table 2.1. Representative list of hydrophilic materials used to form hydrogel fibers 
with post-processing techniques. 
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CHAPTER 3: USER-DEFINED, TEMPORAL PRESENTATION OF BIOACTIVE 

MOLECULES ON HYDROGEL SUBSTRATES USING SUPRAMOLECULAR COILED 

COIL COMPLEXES 

 
This chapter has been adapted from the following publication: Grewal, M.G., Gray, V.P., 
Letteri, R.A., Highley, C.B. User-defined, temporal presentation of bioactive molecules on 
hydrogel substrates using supramolecular coiled coil complexes. Biomaterials Science 9, 
4374-4387 (2021).  
 

3.1. Abstract 

The ability to spatiotemporally control the presentation of relevant biomolecules in 

synthetic culture systems has gained significant attention as researchers strive to 

recapitulate the endogenous extracellular matrix (ECM) in vitro. With the biochemical 

composition of the ECM constantly in flux, the development of platforms that allow for 

user-defined control of bioactivity is desired. Here, we reversibly conjugate bioactive 

molecules to hydrogel-based substrates through supramolecular coiled coil complexes 

that form between complementary peptides. Our system employs a thiolated peptide for 

tethering hydrogel surfaces (T-peptide) through a spatially-controlled photomediated click 

reaction. The complementary association peptide (A-peptide), containing the bioactive 

domain, forms a heterodimeric coiled coil complex with the T-peptide. Addition of a 

disruptor peptide (D-peptide) engineered specifically to target the A-peptide outcompetes 

the T-peptide for binding and removes the A-peptide and the attached bioactive motif from 

the scaffold. We use this platform to demonstrate spatiotemporal control of biomolecule 

presentation within hydrogel systems in a repeatable process that can be extended to 

adhesive motifs for cell culture. NIH 3T3 fibroblasts seeded on hyaluronic acid hydrogels 

and polyethylene glycol-based fibrous substrates supramolecularly functionalized with an 

RGD motif demonstrated significant cell spreading over their nonfunctionalized 

counterparts. Upon displacement of the RGD motif, fibroblasts occupied less area and 
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clustered on the substrates. Taken together, this platform enables facile user-defined 

incorporation and removal of biomolecules in a repeatable process for controlled 

presentation of bioactivity in engineered culture systems.  
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3.2. Introduction 

The extracellular matrix (ECM) is intricate scaffolding that plays a central role in 

regulating cellular fates through multifaceted biophysical and biochemical processes1–4. 

In efforts to recapitulate microenvironmental features of the ECM in vitro5–7, the dynamic 

nature of the ECM must be considered, with the presentation of cell fate cues in flux 

during continual restructuring4,8–10. To develop culture systems that influence cell 

migration, proliferation, and differentiation, approaches are needed to engineer the 

presentation of molecules involved in cell fate decisions11–13. Hydrogel biomaterials are 

advantageous in vitro platforms as they can replicate tissue-specific mechanics and be 

modified with biomolecules through numerous established strategies14–17.  

 The immobilization of biomolecules onto or within tissue culture substrates is 

important when engineering environments that mimic the ECM18–21. One successful 

approach for incorporating bioactive molecules into scaffolds is photo-mediated thiol-ene 

click conjugation22–26. Modifying hydrogel-forming polymers with norbornene groups 

enables spatial control over biomolecule presentation via photo-mediated thiol-ene click 

conjugation when used in conjunction with photomasks that selectively shield light1,18,19,27. 

Controlling the localization of molecules on tissue culture scaffolds affords the ability to 

establish a spatial distribution of bioactive cues and gradients of signaling molecules to 

better recapitulate physiological environments and potentiate downstream cellular fates22.  

 While providing spatial control, a drawback of these covalent methods for 

conjugation of biomolecules to hydrogels is that the resulting materials do not capture the 

dynamic nature of in vivo cellular niches11,12,28,29. Cells continually transduce signals 

provided by biochemical and biophysical cues in their microenvironment30, and to achieve 
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the dynamic characteristics of natural tissue in a biomaterial system, the ability to define 

the presentation of relevant signals, both spatially and temporally, is necessary20. To this 

end, researchers have made significant strides developing techniques to dynamically 

introduce bioactive cues into hydrogel systems31,32. For example, photo-mediated thiol-

ene conjugation with subsequent photocleavage by means of o-nitrobenzyl-based ether 

linkers enabled reversible incorporation of bioactive compounds into hydrogel 

networks11,28,33. Additionally, Grim et al. developed a method for repeatable biomolecule 

presentation via a reversible, light-mediated thiol-ene conjugation in conjunction with an 

engineered allyl-sulfide as a chain transfer agent12,29. In a biologically inspired example, 

3,4-dihydroxy-L-phenylalanine (DOPA), a catechol-containing amino acid present in 

mussels, facilitated reversible incorporation of biomolecules through dynamic-covalent 

esters formed between DOPA and phenylboronic acid34. These methods demonstrate 

efficacy in reversible incorporation of biomolecules; however, they primarily leverage 

covalent bonds when immobilizing bioactive molecules – thus motivating exploration into 

reversibility driven by noncovalent interactions.  

Supramolecular interactions offer approaches for dynamic incorporation of 

biomolecules into hydrogel scaffolds to capture the dynamic biochemical and biophysical 

features of cellular microenvironments35–39. For example, host-guest pairs within 

hydrogels rapidly assemble, but can dissociate under externally applied forces37,40,41. 

Boekhoven et al. achieved temporally controlled presentation of adhesive peptides within 

a hydrogel by appending the peptides to a napthyl group for interaction with a 𝛽-

cyclodextrin host immobilized to alginate41. Subsequent addition of a bio-inert peptide 

attached to a higher affinity adamantane guest displaced the adhesive peptide and 
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resulted in smaller 3T3 fibroblast cell areas41. Additionally, oligonucleotides can be 

designed for reversible pairing through a process known as toehold-mediated strand 

displacement42–44. Two complementary oligonucleotides pair, with one of the 

oligonucleotides designed with a longer ‘toehold’ region that can remain unpaired prior to 

introduction of a third, longer oligonucleotide designed to be fully complementary with the 

toehold-containing sequence. Adding the longer complementary strand displaces the 

shorter oligonucleotide due to the higher affinity interaction between the two longer 

oligonucleotides. This non-covalent interaction facilitates reversible and repeatable 

addition of biomolecules under short timescales through differences in association 

affinities on hydrogel scaffolds42–44.  

We sought here to adopt concepts from each platform to develop a new method 

that affords reversible, dynamic incorporation of bioactive molecules into hydrogel 

networks with spatiotemporal control. We employ coiled coil-forming peptides that 

supramolecularly assemble in a specific manner in solution45–47. Similar to toehold-

mediated strand displacement with DNA, Gröger et al. showed coiled coil peptides can 

undergo a similar process45. Introduction of a longer, higher affinity peptide to a lower 

affinity, toehold-containing coiled coil complex (dissociation constant, KD ~ 10-8 M) 

displaced the shorter, lower affinity component and yielded a high affinity coiled coil (KD 

~ 10-9 M)45. These associations are similar in nature to other specific supramolecular 

assemblies, such as cyclodextrin-adamantane (KD ~ 10-5 M)41 and cucurbituril host-guest 

systems (KD ~ 10-11-10-12 M)36. We considered that the comparatively moderate affinities 

in the coiled coil system (KD ~ 10-8-10-9 M)45 would allow for stable presentation of 

biomolecules over extended periods of time, with facile release potentiated via the 
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addition of specific competitive molecules. Furthermore, while cyclodextrin and 

cucurbituril-based assemblies are reversible, the relatively straightforward synthesis and 

potential to reversibly trigger binding and release over multiple cycles under physiological 

conditions render coiled coil peptide platforms highly attractive for dynamic modulation of 

synthetic cellular microenvironments. 

 We hypothesized that coiled coil-forming peptides could be strategically designed 

to allow for both spatially-controlled conjugation via photo-mediated thiol-ene reactions 

and temporal control of biomolecule presentation via toehold-mediated strand 

displacement of coiled coil complexes. The ability to disrupt these associations and 

remove the biomolecules provides the desired constitutive “on/off” functionality – enabling 

facile reversible functionalization of in vitro culture systems. Herein, we describe the 

design, structural and thermodynamic characterization, and patterning of biomolecules 

using a coiled coil peptide-based system on both hyaluronic acid (HA) and fibrous 

polyethylene glycol (PEG) hydrogel surfaces. Using the patterned substrates, we 

demonstrate temporal attachment and release of biomolecules. To showcase the 

potential of this system in modulating bioactivity in engineered microenvironments, we 

build on previous work studying supramolecular assemblies in reversible modulation of 

cell adhesion and morphology in vitro41,43. The reversible presentation of an adhesive 

sequence enables visual confirmation of changes occurring at the cellular level of in vitro 

models and may be of use in studies perturbing microenvironmental adhesion to ECM-

derived peptide binding sequences to understand cell fate decisions.  

Taken together, this coiled coil-forming peptide system represents a compelling 

platform for reversible, spatiotemporally controlled presentation of bioactive molecules. 
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We note that this user-defined release process can be repeated over multiple cycles, 

lending itself to applications that require spatiotemporally controlled presentation of 

biomolecules that can be modulated through external cues as well as be reloaded for 

subsequent multi-stage release. In addition to the examples discussed here, this platform 

may be broadly applicable to understanding and controlling biomolecular composition in 

cellular microenvironments, for example to dynamically present growth factors and 

cytokines to modulate bioactivity in vitro.  
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3.3. Materials and Methods 

3.3.1. Synthesis of norbornene-functionalized hyaluronic acid 

NorHA was synthesized as previously described18. Briefly, sodium hyaluronate 

(HA, Lifecore, 62 kDa) was dissolved in deionized (DI) water with Dowex 50W x 8 ion-

exchange resin (3 g resin per 1 g HA) for 2 h, and subsequently filtered, titrated to pH 

7.02-7.05 with tert-butylammonium hydroxide (TBA, FisherSci) to yield HA-tert-

butylammonium salt (HA-TBA). The final product was frozen at -80 °C, lyophilized, and 

stored under nitrogen. HA-TBA was then dissolved in anhydrous dimethyl sulfoxide 

(DMSO) and allowed to react with benzotriazole-1-yl-oxy-tris-(dimethylamino)-

phosphonium hexafluorophosphate coupling reagent (BOP, Sigma, 0.3 mol equivalents 

relative to carboxylic acids on HA), and 5-norbornene-2-methylamine (nor-amine, Sigma, 

1 mol equivalent relative to carboxylic acids on HA) to functionalize HA with norbornene 

groups. After ~2 h, the reaction was quenched with cold DI water, and the solution was 

transferred to a membrane (molecular weight cutoff: 6-8 kDa) and dialyzed against DI 

water for 5 d. Precipitate was removed by filtration, and the solution was re-dialyzed 

against DI water for 5 d prior to freezing at -80 °C, lyophilizing, purging with nitrogen, and 

storing at -20 °C until ready for use. The degree of modification was determined to be 

~25% by 1H nuclear magnetic resonance spectroscopy (1H NMR, 500 MHz Varian Inova 

500). 

 

3.3.2. Peptide Synthesis 

All peptides used in this study, unless otherwise stated, were synthesized using a 

Liberty Blue (CEM) automated, microwave-assisted solid phase peptide synthesizer via 
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Fmoc methods. Briefly, Rink amide resin (Advanced Chemtech, Rink Resin SS, 100-200 

mesh, 1% DVB) was swollen with dimethylformamide (DMF, Aldrich, ACS reagent grade), 

and the immobilized Fmoc group removed with 20% (v/v) piperidine in 

dimethylformamide. Fmoc-protected amino acids (Advanced ChemTech, 0.2 M in DMF, 5 

equivalents relative to theoretical available sites on the resin) and the coupling agents 

diisopropylcarbodiimide (DIC, Aldrich, 99%, 1 M in DMF) and Oxyma Pure (Advanced 

ChemTech, 1 M in DMF) were added to the reaction vessel and heated to 90 °C for 4 min. 

The Fmoc deprotection and coupling steps were repeated to build the peptide from the 

C-terminus to the N-terminus. For fluorescent peptides, 5(6)-carboxyfluorescein (Sigma 

Aldrich, ≥95%) was added last onto the N-terminus. The resultant peptides were cleaved 

from the resin with a cocktail of 92.5% trifluoroacetic acid (TFA, Aldrich, 99%), 2.5% 

triisopropylsilane (TIPS, Aldrich, 99%), 2.5% 2,2’-(ethylenedioxy) diethanethiol (DODT, 

Aldrich, 95%), and 2.5% DI water, and then isolated by precipitation into cold diethyl ether 

(Aldrich, ACS reagent, contains butylated hydroxytoluene as inhibitor) and centrifugation. 

After removal of ether under vacuum, the peptides were resuspended in DI water, frozen 

in liquid nitrogen, lyophilized, and stored at -20 °C as powders until ready for use. High 

performance liquid chromatography (HPLC) was used to determine peptide purity; since 

we noted no appreciable byproduct species, the peptides were used without further 

purification (Figure S3.4). Peptide primary structure was confirmed via electrospray 

ionization mass spectrometry (ESI MS, Figures S3.2 & S3.3 and Table S3.1). Secondary 

structures were determined by circular dichroism (CD) spectroscopy (Figure S3.5). 
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3.3.3. Isothermal titration calorimetry 

Experiments were performed using a standard volume affinity isothermal titration 

calorimeter (TA Instruments, New Castle, DE) with peptide solutions prepared in either 

1X phosphate buffered saline (PBS) or NIH 3T3 fibroblast culture medium at indicated 

concentrations. Peptide solutions were adjusted to pH 7.4 using NaOH or HCl and then 

degassed for 10 min at 25 °C. Titrations consisted of an initial 2 μL injection, followed by 

24 or 49 injections (10 μL each) of one peptide solution (150-200 μM) into 1.3 mL of a 

second peptide solution (10-20 μM). Following an initial delay of 200 s, injections were 

separated by 200 s. Experiments were performed at 25 °C with the stirring speed set to 

125 rpm and the cooling rate set to medium. The reference cell was filled with 1.3 mL of 

degassed, deionized water. The thermograms were analyzed using NanoAnalyze 

software (TA Instruments) and heats of binding (in kJ/mol) were obtained by integrating 

the area under each injection peak in the baseline-subtracted thermograms, then dividing 

by moles of each injected volume. When possible, the resultant curves were then fit to 

either the independent (one site) or multiple sites binding models to obtain KD values. 

Heats of dilution from blank injections – either peptide (150-200 μM) into 1X 

PBS/fibroblast medium or 1X PBS/fibroblast medium into peptide (10-20 μM) – were 

subtracted from experimental heats to yield the blank-corrected data48. In all analyses, 

we neglected the heats from the initial 2 μL injection.  

 

3.3.4. Fabrication of NorHA hydrogels 

Prior to formation of NorHA hydrogels, glass coverslips (22x22 mm) were 

functionalized with 3-(mercaptopropyl) trimethoxysilane (MTS, Sigma Aldrich, 95%) to 
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present pendant sulfhydryl groups as follows. Briefly, glass coverslips were plasma 

treated (Harrick Plasma) for 3 min, and MTS was added dropwise to plasma treated 

surface prior to being baked at 100 °C for 1 h, and 120 ºC for 10 min in an exhausted 

oven. The coverslips were washed sequentially in dichloromethane (DCM), 70% ethanol 

in water, and DI water, then stored under inert atmosphere until ready for use. NorHA 

hydrogels were synthesized from a solution consisting of 5% (w/v) NorHA, 1 mM lithium 

phenyl-2,4,6-trimethyl benzoylphosphinate (LAP) photoinitiator to induce thiyl radicals, 

and dithiothreitol (DTT) for crosslinking ([thiol]:[norbornene] = 0.6) in PBS. For each 

hydrogel, 50 μL of the NorHA solution was pipetted onto a thiol-functionalized glass 

coverslip (22x22 mm), sandwiched with an 18x18 mm coverslip, and crosslinked by 

irradiation for 2 min at 365 nm (10 mW/cm2, Omnicure) to covalently stabilize the gel 

network. NorHA hydrogels to be used in spatial patterning experiments were incubated in 

a 1% (w/v) bovine serum albumin (BSA) solution in PBS for 30 min to limit nonspecific 

binding prior to subsequent experiments; NorHA hydrogels to be uniformly patterned were 

incubated solely in PBS prior to use in experiments. 

 

3.3.5. Preparation of norbornene-functionalized polyethylene glycol (PEGNB) 

electrospun fibers 

The electrospinning protocol was adapted from Sharma and coworkers24 and all 

fibers were collected on thiolated coverslips – identical to those used for preparing the 2D 

NorHA hydrogels. Solutions consisting of 8-arm PEGNB (10% w/v, ~20 kDa, JenKem 

Technology USA), polyethylene oxide (5% w/v, ~400 kDa, carrier polymer), DTT 

([thiol]:[norbornene] = 0.6), and 2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone 
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(I2959, 0.05% w/v) were mixed for at least 24 h in PBS. Electrospinning was conducted 

on a custom setup with the following parameters: 16-gauge needle; ~15 cm between the 

needle and collection surface; 0.8 mL/h flow rate; 10-14 kV positive voltage applied to the 

needle; and 6 kV negative voltage applied to the collection surface. Fibers were collected 

for at least 10 min and crosslinked for 15 min (365 nm, 10 mW/cm2, Omnicure) under 

nitrogen. Fibers were then incubated in a 1% (w/v) BSA/PBS solution if they were to be 

spatially patterned or in PBS alone if they were to be uniformly patterned prior to 

subsequent experimentation. 

 

3.3.6. Photoligation of peptides to hydrogels and fibers 

NorHA hydrogels and PEGNB fibers were fabricated with a 0.6 thiol:norbornene 

ratio to avail norbornene groups for photo-patterned attachment of thiolated peptides after 

crosslinking. For fluorescent-based experiments (Figures 3.2 & 3.3), solutions of 

thiolated peptides (20 μM, T-peptide or thiolated fluorophore), BSA (1% w/v), and LAP (1 

mM) in PBS were added dropwise to the surface of the hydrogels/fibers, covered with 

photomasks (CAD/Art Services), and irradiated (365 nm, 10 mW/cm2) for 2 min. For cell-

based experiments (Figures 3.4 & 3.5), a 100 𝜇M solution of the T-peptide with 1 mM 

LAP in PBS was added dropwise to the surface of the hydrogels/fibers and irradiated with 

light (365 nm, 10 mW/cm2) for 2 min. Following radical-induced thiol-ene coupling of the 

peptides to the hydrogel/fiber surfaces, samples were washed 3x in PBS for at least 30 

min per wash to remove unreacted peptide and stored at room temperature until further 

use. Hydrogels/fibers with covalently tethered fluorophores were imaged directly after the 

wash steps, while other samples were used in coiled coil experiments as described below. 
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3.3.7. Formation of coiled coil complexes and subsequent peptide release 

To induce coiled coil peptide complex formation on NorHA hydrogels and PEGNB 

fibers, the scaffolds with tethered T-peptide were swollen with a 20 𝜇M solution of the 

complementary A-peptide (2 mL per well) for 3 min prior to washing 3x with PBS for at 

least 30 min per wash to remove unbound peptide. To release the A-peptide, D-peptide 

was introduced into the system (3 mL per well, 20 𝜇M for fluorescence experiments) at 

multiple time points. During the disruption process, the higher affinity D-peptide binds A-

peptides, disrupting the A-peptide:T-peptide coiled coil and removing the A-peptides from 

the surface. Solution (1 mL) was removed at predetermined timepoints and the remaining 

2 mL were aspirated off and replaced with fresh D-peptide solution. Aliquots collected at 

each time point were stored at 4 °C until analysis. 

 To introduce an Arg-Gly-Asp (RGD) cell adhesion motif into hydrogels and fibers 

for cell culture, 100 𝜇M of the T-peptide was tethered to the substrates by the radical-

induced thiol-ene click reaction as described above. Subsequently, following the same 

protocol as above, solutions of either 0 𝜇M, 10 𝜇M, or 100 𝜇M of a complementary A-

peptide containing an RGD sequence (GYGRGDSPG(KIAALKE)4) were added to 

supramolecularly attach the adhesion motif to the surface. For disruption of this complex 

and removal of RGD from the system, 100 𝜇M solutions of the D-peptide were used. For 

covalent RGD immobilization, a thiolated version of the RGD peptide (GCGYGRGDSPG, 

Genscript) was added to the surface at the designated RGD concentrations for photo-

mediated thiol-ene attachment.  
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3.3.8. Determination of peptide release 

Kinetics of peptide release from NorHA hydrogels were indirectly assessed using 

plate reader measurements of fluorophore intensity in the supernatant at time points 

during disruption. Briefly, the A-peptide was synthesized as described above with 5(6)-

carboxyfluorescein (FAM) included on the N-terminus during peptide synthesis, and the 

fluorescence of the disruption solution at each time point was determined via a BioTek 

Synergy 4 fluorescence spectrophotometer (excitation: 495 nm; emission: 518 nm). Three 

hydrogels were assessed for each experimental group.  

 Peptide release was further assessed visually using fluorescence microscopy 

(Leica DMi8 Widefield) during disruption. At each time point, fluorescent images (20x, dry) 

were taken of each NorHA hydrogel and the average intensity of photopatterned stripes 

was determined via ImageJ pixel intensity analysis. Three stripes per hydrogel were 

measured across three hydrogels for each experimental group. 

 

3.3.9. Cell Culture 

NIH 3T3 fibroblasts (kindly provided by Dr. Steven Caliari at the University of 

Virginia) were used for all cell experiments (passages 4-8). Cells were cultured in 

Dulbecco’s modified Eagle’s medium (DMEM) fortified with 10% (v/v) calf bovine serum 

(ATCC) and 1X antibiotic-antimycotic (Gibco). Prior to seeding cells on 2D NorHA 

hydrogels or PEGNB fibers, hydrogels and fibers were sterilized with germicidal light for 

2 h and swelled with culture medium for at least 30 min. Cells suspended in culture 

medium were seeded at a density of 5x104 cells per hydrogel or fiber sample and allowed 
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24 h to adhere to the surface. Cells were then fixed for subsequent analysis, as described 

below. 

For release experiments, hydrogel/fibrous scaffolds were similarly seeded at a 

density of 5x104 cells per scaffold, and cells were allowed to adhere for 24 h. Following 

the 24 h window, the medium was removed and replaced with culture medium containing 

D-peptide (2 mL, supplemented with 100 𝜇M of the D-peptide) to induce release of the A-

peptide. The D-peptide-containing medium was exchanged a total of two times, with 

exchanges at 1 h intervals, to facilitate displacement of coiled-RGD peptide. An incubation 

time of 1 h was allowed after the second treatment for a cumulative 3 h window. Following 

this release cycle, cells were fixed and treated for subsequent analysis. 

 

3.3.10. Cell staining 

For analysis of cell experiments, fibroblasts were fixed in a 10% (v/v) solution of 

neutral buffered formalin for 15 min before permeabilization with a 0.1% (v/v) Triton X-

100/PBS solution for 10 min. Samples were then blocked by incubation in a 3% (w/v) BSA 

solution for at least 1 h to prevent nonspecific binding. F-actin was visualized by staining 

with Alexa Fluor-488-phalloidin (Thermofisher, 1:600 dilution) for at least 1 h and nuclei 

were visualized by staining with DAPI (ThermoFisher, 1:1x104 dilution) for 1 min. Samples 

were washed once with PBS, once with 0.1% (v/v) TWEEN-20 in PBS, and again in PBS 

after the staining steps to remove unbound fluorophore. All samples were protected from 

light and stored at 4 °C until imaging. 
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3.3.11. Imaging and image analysis 

All imaging was conducted on a Leica DMi8 Widefield microscope. Coverslips with 

NorHA hydrogels or PEGNB fibers were placed on microscope slides, sandwiched with a 

25x25 mm coverslip, and inverted for imaging. Imaging settings (exposure time and light 

intensity) were held constant for all imaging where fluorescence intensities were 

compared across multiple samples. For imaging of hydrogels containing fluorescent 

peptides, three distinct photopatterned stripes per scaffold from three scaffolds were 

imaged for analysis. Images acquired with the 20x dry objective were used for intensity 

comparisons. To evaluate pattern fidelity, we plotted the normalized intensity line profiles 

across 3 stripes on each sample; all intensity profiles were normalized to the lowest 

intensity value corresponding to each representative image. 

For cellular experiments, at least three distinct areas per scaffold for three hydrogel 

and three fibrous scaffolds were imaged for cell spread area analyses. A 40x dry objective 

was used for cell area measurements, while a 100x oil immersion objective was used to 

visualize F-actin formation. 

 

3.3.12. Statistical analyses 

For quantitative comparisons between two experimental groups, independent t-

tests were used; for comparisons with more than two experimental groups, a one-way 

ANOVA was leveraged in conjunction with a Tukey HSD post-hoc test with an 𝛼 value of 

0.95 indicating statistical significance. 
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3.4. Results and Discussion 

Hydrogels are advantageous for use in synthetic ECM-mimetic materials due to 

their high water content – similar to natural tissue – and tailorability to specific 

applications4,14. Moreover, many tissue-specific ECMs have fibrous components, and 

fibers are thus attractive in vitro models of physiological milieus4,14,49,50. Towards 

introducing spatiotemporally controlled signals within these model environments, we 

investigated the ability of supramolecular coiled coil complexes to facilitate dynamic 

presentation of molecular adhesion motifs on or within both 2D NorHA hydrogels and 

fibrous PEGNB hydrogels.  

Hyaluronic acid is a hydrophilic, non-sulfated glycosaminoglycan that is ubiquitous 

in natural ECM, and thus intrinsically biocompatible16,17. PEG is a hydrophilic, 

biocompatible synthetic polymer used widely for biomedical applications, including for 

solubilization of therapeutics and as components of ECM-mimetic hydrogels14,29. Both HA 

and PEG are amenable to chemical modification either on the side chains or at the chain 

ends14. We installed norbornene moieties on both HA and PEG (NorHA and PEGNB, 

respectively) to enable efficient, spatially controlled photo-mediated thiol-ene click 

reactions for addition of thiolated cross-linkers and biomolecules18,24,51,52. The resulting 

NorHA hydrogels and PEGNB fibers were crosslinked using dithiothreitol (DTT) as a 

crosslinker, adjusting the stoichiometry to leave residual norbornene groups available for 

post-crosslinking addition of thiolated peptides1,18,24. 

Coiled coil-forming peptides were designed as shown in Scheme 3.1 based on a 

previously described complementary glutamic acid/lysine (E/K)-rich peptide pairs that 

form heterodimeric coiled coils45,47,53 and undergo toehold-mediated strand 
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displacement45. We sought to modify the sequences with cysteine residues to facilitate 

thiol-ene conjugation to NorHA and PEGNB and demonstrate transfer of fluorophore or 

adhesive motif-tagged complementary peptides. For immobilization to the hydrogel 

surfaces, a tethered peptide (T-peptide) was designed with a cysteine for conjugation54, 

a glycine spacer, and three repeating heptads of EIAALEK as the glutamic acid (E)-rich 

coiled coil-forming motif (I = isoleucine, A = alanine, L = leucine)45,47. The complementary 

association peptide (A-peptide) was designed with four repeating, lysine (K)-rich 

complementary KIAALKE heptads45,47. The extra heptad repeat provides a toehold motif 

for triggered removal of the A peptide in the presence of the higher affinity disruptor 

peptide (D-peptide) having four complementary repeating E-rich EIAALEK heptads45. We 

hypothesized that this difference in affinities would facilitate removal of A-peptides from 

the hydrogels by disrupting the A-peptide:T-peptide coiled coils upon introduction of the 

D-peptide in solution. We further extend this platform for dynamic incorporation of 

adhesive ligands (here, the fibronectin-derived RGD motif) for use in cell culture systems. 

To accomplish this, we modified the A-peptide with an RGD sequence (“coiled-RGD”) at 

the N-terminus. 
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Scheme 3.1. Coiled coil peptides and process schematic of peptide association 

and subsequent removal via toehold-mediated strand displacement. A) 

Representative peptides used in this study. Blue regions indicate E-rich coiled coil-

forming heptads and orange regions indicate complementary K-rich heptads, with toehold 

motifs indicated where applicable. B) Tethered peptides are covalently conjugated to 

NorHA/PEGNB surfaces prior to incubation with A-peptide to form T:A coiled-coil complex. 

The system is then incubated with D-peptide to interrupt the complex and form the A:D 

coiled-coil – thus removing the FAM-tagged A-peptide from the hydrogel and leaving 

behind a vacant T-peptide. Scheme inspired by Gröger et al.45
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3.4.1. Thermodynamic characterization of coiled coil peptide interactions using 

isothermal titration calorimetry (ITC) 

Prior to applying these peptides to NorHA hydrogels and PEGNB fibers for 

reversible biomolecule attachment, their interactions when forming complexes were 

characterized using ITC. ITC is capable of assessing thermodynamic properties of 

associations in solution48,55. The coiled coil forming peptide pairs shown in Scheme 3.1 

were analyzed in either NIH 3T3 fibroblast medium, PBS, or both, and representative 

baseline-subtracted thermograms and integrated data are shown in Figure 3.1 for the 

complexes used in the cell culture studies – namely T-Peptide:Coiled-RGD Peptide and 

Coiled-RGD Peptide:D-Peptide, as well as a control experiment showing no interactions 

between non-complementary T-Peptide and D-Peptide pairs. Other replicates in medium, 

as well as PBS trials, are included in the supplemental information (Figures S3.6-3.8 for 

medium and Figures S3.9-3.13 for PBS).  

Analysis of the ITC data in culture medium indicates that the T-Peptide:Coiled-

RGD peptide forms two distinct, independent sites of interaction with strong affinities (KD,1 

~ 10-7-10-9 M, KD,2 ~ 10-6-10-7 M, represented in Figure 3.1). This result is consistent with 

two-stage binding processes reported for coiled coils formed from peptides with 

mismatched lengths45,56. Conversely, ITC of the same two peptides without the RGD 

moiety (i.e., T-Peptide:A-peptide association) showed only one binding site (KD ~ 10-6, 

Figure S3.9). Therefore, the multiple binding sites are likely encouraged due to the 

presence of RGD causing a greater mismatch in peptide lengths. As noted by the KD 
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values, both sites of the T-Peptide:Coiled-RGD Peptide complex exhibit strong binding 

affinities, which is advantageous for stable presentation of biomolecules.  

Interestingly, the Coiled-RGD Peptide:D-Peptide trace also seems to exhibit two-

stage binding; however, the presence of both exothermic and endothermic heats of 

interaction prevents a model from fitting the data. This two-stage binding is intriguing as 

the coiled-RGD peptide and D-Peptide both contain 4 coiled coil-forming heptad repeats. 

Therefore, the additional RGD residues yield mismatched lengths which may explain the 

multi-stage model. Moreover, these endothermic peaks may be indicative of higher order 

structures forming in solution, as has been reported for peptides that undergo self-

complementary assembly57. Nevertheless, the larger magnitude of the heats of 

Figure 3.1. Isothermal titration calorimetry of T-Peptide:Coiled-RGD Peptide, 

Coiled-RGD Peptide:D-Peptide, and T-Peptide:D-Peptide interactions in NIH 3T3 

fibroblast medium. (top) Baseline-subtracted ITC thermograms, integrated to yield the 

heats of interaction in kJ/mol (bottom plots). If possible, the integrated plots were fit to 

models (shown as a red line) that provide parameters for the interaction in solution. The 

T-Peptide:Coiled-RGD Peptide complex exhibits high affinities, as evidenced by the KD 

values on the order of 10-7-10-9 M. The larger exothermic heats of interaction measured 

for the Coiled-RGD Peptide:D-Peptide complex as compared to the T-Peptide:Coiled-

RGD Peptide complex demonstrate the greater strength of these interactions. No 

appreciable heats of interaction were observed for non-complementary T-peptide:D-

peptide pairs. 
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interaction from the Coiled-RGD Peptide:D-Peptide interaction (~-80 kJ/mol, Figure 3.1) 

compared to those of the T-Peptide:Coiled-RGD Peptide (~-30 kJ/mol, Figure 3.1) 

indicate that the Coiled-RGD Peptide:D-Peptide complex is thermodynamically favored 

over the T-Peptide:Coiled-RGD Peptide complex. Therefore, we conclude that the coiled-

RGD peptide will preferentially interact with the D-peptide in the presence of the T-peptide 

– facilitating reversibility in our system. 

The T-Peptide:D-Peptide analysis indicates no discernible interactions between 

the two peptides in solution, with heats of interaction of essentially 0 kJ/mol after 

correcting for the heats of dilution of T peptide into media and media into D-peptide. These 

results indicate that, as expected, the D-Peptide does not interact with the T-peptide, and 

the D-Peptide should displace the coiled-RGD peptide from the T-Peptide:Coiled-RGD 

Peptide coiled coil due to the differences in their strengths of interaction – comparable to 

the results presented by Gröger et al.45 using similar peptides to form coiled coils in 

solution.  

These ITC experiments were also conducted in the presence of PBS to investigate 

how the absence of serum affects peptide complex affinities. The resultant ITC 

thermograms and integrated analyses (Figures S3.9-3.13) indicate only marginally 

different heats of interaction when PBS is used rather than cell culture medium. 
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3.4.2. Spatial patterning of FAM-tagged peptides onto NorHA hydrogels and PEGNB 

fibers 

First, we tested the hypothesis that supramolecular coiled coil-mediated 

immobilization would yield similar patterns as covalent immobilization of fluorophores 

onto hydrogels. In these experiments, 100 μm-wide stripes were generated using a 

photomask and standard lithographic techniques1,10,18. Covalently bound fluorophores 

were introduced by patterning a thiolated FAM onto NorHA/PEGNB surfaces (see Figure 

3.2A). For supramolecular patterning, unlabeled, thiolated T-peptide was first 

photopatterned onto NorHA and PEGNB substrates, followed by incubation with a 

solution of the FAM-tagged complementary A-peptide. NorHA and PEGNB scaffolds were 

washed with PBS to remove any unbound fluorophore prior to imaging (refer to Figure 

3.2B for a schematic of the process, and Figure 3.2C for representative images). The 

resulting micrographs (Figure 3.2) demonstrate that the NorHA and PEGNB systems can 

be modified with fluorophore to generate stripe patterns either by covalent or 

supramolecular methods. The covalent systems typically yielded more uniform intensity 

profiles with higher peaks when compared to their coiled coil counterparts (Figure 3.2A 

& 3.2C). Qualitatively, this can be visualized by the non-patterned regions of the coiled 

coil systems exhibiting more fluorescent signal than the covalent non-patterned regions. 

It is possible that steric hindrance near the surface limited uniform conjugation of FAM in 

the coiled coil system and/or that non-specific interactions between the hydrogel and 

peptides were greater when using coiled structures compared to the shorter peptides 

used in covalent conjugation.  
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Prior to the release studies, we compared the stripe intensities of the covalent and 

coiled coil systems to determine the system’s net intensity under identical light conditions 

– analogous to a ‘loading capacity’ of prospective biomolecules. Analysis of stripe 

intensities from fluorescent micrographs indicated that although the average intensity of 

the coiled coil system was marginally lower than the covalent system, an independent t-

Figure 3.2. Supramolecular vs. covalent immobilization of FAM on NorHA hydrogels 

and PEGNB fibers. A) Covalent system (from left to right): representative micrographs 

of covalently photopatterned FAM on a NorHA hydrogel; representative intensity line 

profile; representative micrograph of covalently bound FAM on PEGNB fibers; 

representative intensity profile. B) Schematic of the supramolecular patterning process 

for FAM utilizing our coiled-coil system: swelling of substrate – either 2D hydrogel or fibers 

–with thiolated T-peptide, application of photomask and irradiation with 365 nm light; 

substrate is then washed and swelled with the complementary FAM-tagged A-peptide; 

finally, substrate is then washed again to remove unbound peptide. C) Coiled system 

(from left to right): representative micrograph of FAM bound by coiled-coil system on a 

NorHA hydrogel; representative intensity profile; representative micrograph of FAM bound 

by coiled-coil system on PEGNB fibers; representative intensity profile. Scale bars = 

100 𝜇m. Dashed white lines indicate sample location of intensity profiles plotted for each 

micrograph. 
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test suggests there is no statistical significance (Figure 3.3B). Therefore, our platform for 

supramolecular addition of biomolecules generates patterned stripes similarly to its 

covalent ligation analog at the experimental (20 𝜇M) concentrations, allowing equivalent 

conjugation of fluorophore based on our semi-quantitative analysis.  

 

3.4.3. Supramolecular immobilization of FAM via coiled coil peptide complexes is 

reversible and repeatable 

Following experiments demonstrating spatially controlled supramolecular addition 

of FAM-tagged peptides to hydrogels using the coiled coil system, we sought to evaluate 

its efficacy as a reversible, repeatable process towards temporally controlled presentation 

of biomolecules on and in cell culture substrates. 

We measured FAM concentration in solution as a function of time to determine the 

stability of the supramolecular coiled coil structure in buffer over time and monitor the 

toehold-mediated disruption of the complexes by adding the disrupter peptide (Figure 

3.3A). All release studies were performed on NorHA hydrogels due to the ability to form 

substrates precisely and reproducibly with consistent surface area across samples, 

enabling a closer comparison across all groups. First, we examined the release of the 

FAM-tagged A-peptide in the presence of the D-peptide (hereafter “(+) D-peptide”). Plate 

reader fluorescence measurements of supernatant samples indicated a large cumulative 

release in the (+) D-peptide test group, suggesting that release is dependent on the 

addition of the D-peptide to disrupt the T:A coiled coil. To support this conclusion, we 

compared the (+) D-peptide test group to various controls. These controls consisted of a 
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coiled coil system that was not subjected to D-peptide treatment (hereafter “(-) D-

peptide”), a covalently bound FAM (hereafter “covalent-FAM”), and the FAM molecule in 

solution (“free-FAM”). The (-) D-peptide group was designed to evaluate supramolecular 

complex stability in buffer for extended periods of time (~48 h), and the free-FAM control 

was designed to determine the extent of non-specific interactions between the 

Figure 3.3. Reversible, repeatable addition of biomolecules to peptide-functionalized 

hydrogels. A) Schematic of FAM-tagged A-peptide release from substrates via toehold-

mediated strand displacement upon addition of the complementary D-peptide, with inset 

images showing intensity- and exposure-controlled resultant changes in stripe fluorescence, 

with the ability to reload the vacant T-peptide sites in order to repeat the process. B) 

Quantitative comparison of the average intensities of FAM by covalent and coiled-coil 

conjugations indicates no significant difference in stripe intensity between both platforms. C) 

Cumulative release curves of the coiled coil disruption compared to the various controls. This 

indicates a coiled coil complex forming that is stable, with reversibility being disrupter-

dependent. D) Average stripe intensity at 0 h and 48 h time points, based on fluorescent 

micrographs, indicating a statistically significant difference (** p < 0.01) stripe intensity at 48 h 

for only the ‘(+) D-peptide’ test group. E) Repeated loading and release of FAM-tagged 

peptides from hydrogels shown by holding the hydrogels in PBS for 24 hours prior to inducing 

a D-peptide-dependent release for 8 h. Gels were then reloaded with A-peptide and the 

process was repeated. Profile shown is cumulative release from both disruption cycles.  This 

further reinforces the notion that the system is stable over time in buffer and disruption can 

occur more than once via a release and reload protocol. Error bars represent standard 

deviation. 
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fluorophore in solution with the T-peptide-modified substrates. Using standard plate 

reader fluorescence measurements of supernatant samples, we measured FAM release 

profiles. The results indicated large cumulative release from the coiled coil group in 

comparison to controls that exhibited minimal, if any, release of fluorescent molecules 

(Figure 3.3C). Furthermore, the supramolecular coiled coils persist over days in the 

absence of the D-peptide, indicating that this system can stably, but reversibly, 

incorporate biomolecules onto norbornene-modified hydrogels. The free-FAM control 

contained no stripes to quantify in subsequent analysis, suggesting no discernable 

interactions between the free molecule and the T-peptide surface. 

To further quantify the release of the FAM-tagged A-peptide via addition of the 

disrupter, we looked at the average stripe intensities of the ‘(+) D-peptide’ test group 

compared to the (-) D-peptide and ‘covalent-FAM’ controls at the first and last time points 

to compare the decrease in intensity upon FAM release. There were no significant 

differences between the stripe intensities at the first and last timepoints (0 h and 48 h) for 

the controls (Figure 3.3D). However, the (+) D-peptide test group showed a statistically 

significant reduction in intensity after D-peptide treatment (** p < 0.01). Together, these 

data confirm the hypotheses that: (1) coiled coil peptides enable supramolecular 

immobilization on hydrogels; and (2) introduction of the D-peptide facilitates removal of 

supramolecularly immobilized molecules by toehold-mediated strand displacement. 

We further investigated how different concentrations of D-peptide affected removal 

of the FAM-tagged A-peptide (Figure S3.14). Increasing concentrations of D-peptide 

generally enhanced and accelerated removal of the FAM-tagged A-peptide from the 

hydrogel surfaces; however, we began to observe diminishing increases in removal at 
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higher concentrations of D-peptide. We postulate that at these higher concentrations, 

kinetics of peptide displacement might limit reversibility in the system over availability of 

D-peptide, with steric hindrances imposed by NorHA surfaces possibly limiting 

reversibility as well. Thus, increasing the concentration of D-peptide has the most 

significant effects on increasing A-peptide removal at lower concentrations of D-peptide, 

with only marginal improvement at higher concentrations of the competitive disrupter.  

Additionally, removal of A-peptide from T:A coiled coils in the presence of 3T3 fibroblast 

medium was investigated as a precedent for subsequent cell studies. Shown in Figure 

S3.14, removal in culture medium is similar to removal in PBS. Combining this 

observation with ITC measurements (Figures S3.6-3.8), we conclude that the specific 

and dynamic properties of the coiled-coil system extend to protein-rich environments, 

such as cell media.  

Toehold-mediated removal of the A-peptide by addition of the complementary, 

higher affinity D-peptide leaves T-peptide sites vacant on the surface of NorHA hydrogels 

for binding other bioactive molecules. As a proof-of-concept, after release of the initially 

bound FAM-tagged A-peptide, we incubated the same scaffolds with a fresh solution of 

FAM-tagged A-peptide and rinsed the substrates with PBS to remove unbound peptide. 

After a 24 h incubation in PBS, D-peptide was reintroduced to cue a second removal of 

FAM-tagged peptide to demonstrate the repeatability of the process (Figure 3.3E). The 

second release profile (t = 56-64 h) resembled the first (t = 24-32 h), albeit with a slightly 

smaller magnitude of cumulative release. These results suggest that this is a reversible 

and repeatable process, but we can also postulate that the D-peptide does not completely 

remove the A-peptide (Figure 3.3D, where the ‘(+) D-peptide’ group does not return to a 
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0-intensity value following disruption). This may be due to interactions with the NorHA 

surface that sterically interfere with removal, interactions with material in the gels that 

prevent reaching 100% removal, or equilibrium of toehold-mediated strand displacement. 

 

3.4.4. Supramolecular, coiled coil-mediated immobilization of RGD confers 

bioactivity that supports 3T3 fibroblast adhesion to NorHA hydrogels and PEGNB 

fibers with comparable morphologies to covalent ligation 

After using FAM-tagged A-peptides as a proof-of-concept to establish the viability 

of coiled coils for immobilization of biomolecules onto NorHA hydrogels and PEGNB 

fibers, we next incorporated the cell-adhesive RGD-containing peptide sequence 

GYGRGDSPG into the A-peptide at the N-terminus to impart cell adhesive properties1. 

Here, photopatterned T-peptide hydrogels bound RGD-functionalized A-peptide (“coiled-

RGD”). A thiolated version of the RGD peptide (GCGYGRGDSPG) was also covalently 

bound to NorHA and PEGNB substrates for comparisons against our coiled coil system. 

To test cell behavior on scaffolds displaying the RGD motif, we cultured NIH 3T3 

fibroblasts on NorHA hydrogels and PEGNB fibers previously modified with different RGD 

concentrations (0, 10, 100 𝜇M RGD via coiled coil or covalent conjugation). After 

incubation for 24 h, the samples were fixed and stained for fluorescent visualization of F-

actin and cell nuclei, and cell area quantified. See Figure 3.4A for cell area quantification 

and 3B/C for fluorescent micrographs of NorHA gels and PEGNB fibers, respectively. 
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3.4.4.1. 3T3 fibroblast behavior on covalent and coiled coil presentation of RGD on 

NorHA hydrogels 

As expected, images of 3T3 fibroblasts cultured on RGD-presenting substrates 

showed larger cell area, indicative of cell spreading. Increasing covalent RGD 

presentation from 0 𝜇M to 10 𝜇M and 100 𝜇M increased cell spreading, with the 100 𝜇M 

groups exhibiting statistically significant differences in cell area compared to substrates 

exposed to 0 𝜇M covalent RGD (Figure 3.4A, ** p < 0.01). In our supramolecular system, 

the 10 𝜇M coiled coil presentation of RGD significantly increases cell area (** p < 0.01) 

compared to the 0 𝜇M control, as does the 100 𝜇M treatment (** p < 0.01). Indeed, at low 

concentrations of ligand presentation, it is known that fibroblast cell area responds 

positively with increased ligand concentration58. Yet, we observe a marginally smaller 

average area with the 100 𝜇M group compared to the 10 𝜇M group (Figure 3.4A). Similar 

results in the literature attribute this phenomenon to integrin inhibition due to free RGD in 

solution41,59. However, owing to the strong interactions between the T-peptide and the 

coiled-RGD in this system (KD ~ 10-7-10-9 in culture medium), it is likely that the observed 

differences in cell areas between the 10 𝜇M and 100 𝜇M groups are due to a combination 

of RGD density and gel mechanics. Oria et al.60 demonstrate a bimodal relationship 

between the spacing of ECM ligands, which are controlled here by the concentration of 

the coiled-RGD, and substrate mechanics – with their interplay affecting focal adhesion 

formation. At the hydrogel mechanics used within this study, distance between the RGD 

ligands in the 10 𝜇M groups may promote spreading and focal adhesion formation, and 

distances between ligands in the 100 𝜇M groups may inhibit cell spreading and focal 

adhesion formation due to their proximity to one another60. Cell spreading and highly 
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organized F-actin stress fibers within the RGD-presenting coiled coil system can be seen 

in representative images of the 0 𝜇M and 100 𝜇M groups (Figure 3.4B) – likely a function 

of the high surface concentration of RGD allowing filopodia attachment during spreading 

and migration61.  

We also observe generally larger cell areas for the 10 𝜇M and 100 𝜇M RGD groups 

with our coiled coil system compared to the covalent groups, with a statistically significant 

difference between the 10 𝜇M supramolecular and covalent groups (** p < 0.01). We 

hypothesize that this is likely due to the non-covalent, supramolecular characteristics of 

our coiled coil system that potentially allows cellular remodeling of RGD ligands within its 

environment. A covalent conjugation permanently immobilizes a pendant ligand on a 

substrate, allowing cells to exert traction forces62,63. These traction forces are ubiquitous 

Figure 3.4. 3T3 fibroblast behavior on substrates with presentation of RGD through 

the coiled coil platform. (A) Quantifications of cell area for each of the groups with 

comparisons to their covalently conjugated analogs. (B) NorHA 2D hydrogel. (from left to 

right): 0 𝜇M RGD, 100 𝜇M RGD, and 100 𝜇M RGD hydrogel zoomed in to better visualize 

cell structure. (C) PEGNB hydrogel fibers. (from left to right): 0 𝜇M RGD, 100 𝜇M RGD, 

and 100 𝜇M RGD fibers zoomed in to better view cell structure. It is clear qualitatively 

from the images, and quantitively from the cell area comparisons, that generally the 

addition of the coiled RGD peptide to the substrates improves bioactivity, and thus cell 

area increases. Furthermore, it is important to note that the F-actin stress fibers are more 

organized for cells on NorHA scaffolds than those on PEGNB fibers. Scalebars = 25 𝜇m, 

** p < 0.01, * p < 0.05. Error bars represent standard deviation. 
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and implicated in dynamic tissue processes (e.g. contraction)62–64, and they may induce 

remodeling of the supramolecular coiled coil system. Since the conjugated T-peptide 

provides open and dynamic sites for coiled coil complexes to form, we postulate that cells 

may be able to reorganize the physical locations of the A-peptide motifs on the NorHA 

hydrogel surface through traction forces – thus providing a dynamic surface that leads to 

increased cell area. Dynamic interactions with 2D surfaces and 3D hydrogel matrices are 

known to play important roles in cell fate processes65–67, and supramolecular 

functionalization of materials may allow for ongoing, cell-mediated changes in surface 

properties. 

 

3.4.4.2. 3T3 behavior on covalent and coiled coil presentation of RGD on PEGNB 

fibers 

Like NorHA hydrogel groups, we also observed increased cell spreading on 

PEGNB fibers that present RGD covalently and supramolecularly (after application of 10 

and 100 𝜇M RGD) compared to the 0 𝜇M RGD controls (Figure 3.4). Interestingly, cell 

spreading on PEGNB fibers to which RGD was covalently conjugated was not 

significantly greater than spreading on the control fibers, although there appeared to be 

a slight increase in cell area for both groups compared to the 0 𝜇M control (Figure 3.4A). 

Like the covalently bound RGD on PEGNB fibers, the supramolecular immobilization of 

RGD on fibers exhibited modest differences in cell areas between the 0 𝜇M and 10 𝜇M 

groups but demonstrated statistically larger cell areas in the 100 𝜇M group compared to 

the unfunctionalized control (** p < 0.01). Furthermore, coiled coil complexes on fibers 

induced cells to spread significantly more in the 100 𝜇M group compared to the 10 𝜇M 
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group (* p < 0.05). Cell area also decreased in moving from the experimental group of 10 

𝜇M RGD (in solution) covalently bound to fibers to the group of 10 𝜇M RGD reversibly 

bound to fibers via coiled coil conjugation (** p < 0.01). Representative fluorescent 

micrographs of cell spreading and F-actin formation on PEGNB fibers are shown in 

Figure 3.4C. 

In considering both materials systems, we observe that the supramolecular 

addition of the coiled RGD ligand promotes 3T3 fibroblast adhesion and spreading 

on both NorHA hydrogels and PEGNB fibers, and it presents a generalizable 

method for temporally-controlled functionalization of hydrogel substrates for cell 

adhesion in further studies. 

 

3.4.5. The addition of the D-peptide induces removal of the coiled adhesive motif 

which actuates changes in cell morphology 

After demonstrating that cells can adhere and spread on substrates 

supramolecularly functionalized with coiled-RGD, we sought to investigate the effects of 

its removal via the addition of the competing D-peptide on cell adherence and 

morphology. Both the NorHA hydrogel and PEGNB hydrogel fiber systems exhibited 

changes in cell adherence that could be observed qualitatively upon the addition of the 

D-peptide (Figure 3.5A-B). Quantitatively, we saw significant changes in cell areas in 

both systems, with cell areas on the NorHA hydrogels decreasing by roughly 50% and 

cell areas on the PEGNB fibers decreasing to the same sizes as seen on unmodified 

PEGNB fibers (Figure 3.5C). 
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3.4.5.1. Removal of coiled-RGD peptide from NorHA hydrogels  

We saw statistically significant decreases in fibroblast area on the NorHA hydrogel 

substrates modified with 10 𝜇M RGD after incubation with D-peptide (** p < 0.01, Figure 

3.5C). There was a significant reduction of cell area from an average of 1800 ± 550 𝜇m2 

on the 10 𝜇M scaffolds prior to release to an average of 910 ± 330 𝜇m2 afterwards. 

Average cell area after RGD release was still significantly larger than average area 

Figure 3.5. 3T3 morphology changes following removal of coiled-RGD peptide via 

the addition of the competing D-peptide. (A) NorHA hydrogel (from left to right): 

Representative fluorescent micrograph of a fibroblast seeded on a NorHA hydrogel 

functionalized with 10 𝜇M of the coiled-RGD motif; representative fluorescent micrograph 

of fibroblasts on a NorHA hydrogel originally functionalized with 10 𝜇M of the coiled-RGD 

motif and treated with 100 𝜇M of the D-peptide. Cells exhibited fewer extensions and 

appeared to aggregate. (B) PEGNB fibers. (left to right): Representative fluorescent 

micrograph of a fibroblast seeded on PEGNB fibers functionalized with 10 𝜇M of the 

coiled-RGD motif; representative fluorescent micrograph of a fibroblast on PEGNB fibers 

originally functionalized with 10 𝜇M of the coiled-RGD motif and treated with 100 𝜇M of 

the D-peptide. Cells exhibited fewer extensions and covered less surface area. (C) 

Quantification of cell area across groups in release experimentation. Statistics solely 

compared cell area after treatment with D-peptide to the control and 10 𝜇M coiled-RGD 

groups prior to treatment with D-peptide. Scalebars = 25 𝜇m, n.s. = no significance, * p < 

0.05, ** p < 0.01, error bars represent standard deviation. 
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observed in the control groups of 610 ± 320 𝜇m2 (0 𝜇M RGD, * p < 0.05, Figure 3.5C). 

Based on observations discussed previously, we attribute this to steric hindrance and 

molecular interactions in the hydrogel that may inhibit D-peptide from fully displacing and 

removing the coiled-RGD motifs from the T-peptide, and also to thermodynamic 

equilibrium of toehold-mediated strand displacement, by which some A-peptide would be 

expected to remain associated with T-peptide even in the presence of D-peptide. 

Moreover, it is possible that due to the 24 h culture period prior to addition of the D-

peptide, fibroblasts developed interactions with the NorHA gels that were difficult to 

disrupt – possibly through extended cellular interactions across the gel surface and into 

the gel itself – as well as nascent matrix deposition from the fibroblasts that might become 

integrated with the hydrogel surface68. Interestingly, there were also noticeably more cell 

clusters following removal of the coiled-RGD ligands – suggesting that cells aggregate 

and adhere to other cells when concentrations of available RGD decrease. This 

observation correlates to cell clusters seen here with 0 𝜇M RGD (refer to representative 

micrograph in Figure 3.4B) and to work by Dumbleton and coworkers who demonstrated 

multiple cell types clustering on unfunctionalized hydrogels69. Furthermore, the behavior 

is analogous to work by Freeman et al., who demonstrated the ability to remove adhesive 

laminin-derived IKVAV-peptide ligands from hydrogel surfaces and showed that neural 

stem cells tended to cluster in neurospheres once these ligands were removed from the 

culture surface43. 
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3.4.5.2. Removal of coiled-RGD peptide from PEGNB fibers 

We also observed a statistically significant decrease in fibroblast area on PEGNB 

fibers after incubation with D-peptide compared to cells on the 10 𝜇M scaffolds prior to 

incubation with D-peptide (* p < 0.05, Figure 3.5C). Interestingly, there was no statistical 

significance in cell area between the scaffolds after removal of the coiled RGD from the 

10 𝜇M scaffolds and the 0 𝜇M control scaffolds, indicating that the introduction of the D-

peptide to the systems removed enough of the coiled-RGD peptide to return cell 

morphology to a state similar to the unfunctionalized control. Just as we observed in the 

NorHA hydrogel system, treatment with the D-peptide reversed adhesion of cells to the 

culture substrate through disrupting coiled coil interactions between the T- and RGD-

containing A-peptides. We also note that differences in trends between the NorHA 

hydrogel and electrospun PEGNB fibers, for example, the relative extent to which cell 

spreading was reversed. This might be attributed to factors including differences in the 

polymer backbone chemistries, differences in molecular concentration after processing a 

hydrogel by electrospinning, cellular responses to different topographies, or changes in 

viscoelastic properties or ligand densities between systems. 

 Nonetheless, overall changes in cell adhesion and morphology were temporally 

controlled via the addition of the D-peptide to displace the coiled-RGD in both NorHA and 

PEGNB systems. This demonstrates the potential for user-controlled perturbation of 

cellular microenvironments. Taken together with previous results, this coiled coil system 

offers both spatial and temporal control over patterning of ligands that can affect cell 

behaviors. 
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3.5. Conclusions and Outlook 

Coiled coil peptides offer a versatile system for engineering spatial and temporal 

signals into hydrogel environments. Biofunctionality of a peptide can readily be altered 

through standard peptide synthesis techniques, and thiol groups in cysteine residues 

allow their incorporation via light-controlled reactions amenable to spatial patterning, as 

well as by other bioconjugation reactions, such as Michael additions. The supramolecular 

coiled coil interaction also presents a reversible platform that allows for the repeated 

introduction and removal of bioactivity within in vitro hydrogel and hydrogel fiber culture 

systems. Proof-of-concept experiments showing reversible immobilization of FAM 

demonstrated comparable efficacy in functionalizing photoreactive biomaterials with high 

spatial control using coiled coil complexes compared to covalent photoligations. We 

confirmed the stability of the supramolecular coiled coil association over time, with release 

being dependent on toehold-mediated strand displacement by the D-peptide – a process 

that can be repeated after subsequent reloading with A-peptide. We then developed an 

extension of the A-peptide that included a cell-adhesive RGD motif on the N-terminus. 

Using this coiled-RGD for cell studies illustrated the ability to culture fibroblasts on 

materials functionalized with RGD via this coiled coil system. The concentration of the 

coiled-RGD peptide bound to the T-peptide affected the cell spread area on both NorHA 

hydrogels and PEGNB fibers. Finally, removal of the coiled-RGD via introduction of the 

D-peptide caused a statistically significant decrease in cell spread area – on both 

hydrogels and fibers – indicating that the reversal of RGD presentation has a direct impact 

on fibroblast morphology.  
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Based on these observations, future work should allow for the investigation of how 

dynamism in cell culture environments affects downstream cell behaviors. User-defined 

perturbations to these culture environments will allow for incremental advancements 

based on discrete changes to the microenvironment. Future work will also consider 

differences in cell behaviors on hydrogels and hydrogel-based fibers, as well as 

differences between hydrogel backbone materials in this system. We believe this platform 

might be applied to many other areas of research that desire user-controlled addition and 

subsequent temporal release of bioactive compounds that can be reloaded for multiple 

release cycles. 
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3.7. Supplementary Figures 

 
Figure S3.1. Norbornene-functionalized hyaluronic acid (NorHA) 1H NMR spectrum. 
Spectrum is normalized to a value of 3.00 based on the methyl groups highlighted in pink, 
and degree of functionalization was determined based on the integral values associated 
with the norbornene groups (endo- and exo-) highlighted in blue. Degree of HA 
modification with norbornene groups was determined to be ~25%. 
 
 
Table S3.1. Mass spectrometry of peptides used in this study. Peptide sequences, 
with corresponding text nomenclature, along with their calculated and observed m/z 
values as determined by electrospray ionization (ESI) mass spectroscopy. Refer to 
Figures S3.2 & S3.3 for spectra. 

 
 

Sequence Peptide Title Calculated m/z  Observed m/z 

H2N-(EIAALEK)3G7CG-NH2 T-peptide 2839.47 2840.47 

H2N-FAM-(KIAALKE)4-NH2 A-peptide 3389.24 3390.96 

H2N-GYGRGDSPG-
(KIAALKE)4-NH2 

Coiled RGD 3877.29 3879.28 

H2N-(EIAALEK)4-NH2 D-Peptide 3034.71 3035.71 

H2N-FAM-(EIAALEK)3-G3-CG-
NH2 

Covalent 2969.70 2970.43 
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Figure S3.2. Electrospray ionization (ESI) mass spectra for coiled coil-forming 
peptides. Refer to Table S3.1 for calculated and observed m/z. 
 
 

 
Figure S3.3. ESI spectrum for thiolated fluorophore peptide used for covalent 
controls in this study. Refer to Table S3.1 for calculated and observed m/z. It is 
important to note that although this was the observed m/z value, there were non-negligible 
amounts of other molecular weights in this peptide – likely partially from N-termini without 
conjugated FAM and disulfide bridges forming.  
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Figure S3.4. Analytical HPLC traces for peptides used in this study. Synthetic 
peptides were detected at 214 nm, while FAM absorbance on the A-peptide was detected 
at 444 nm. The 444 nm trace for the A-peptide confirms that one peak in the 
chromatograph corresponds to labeled peptide, suggesting that the other corresponds to 
unlabeled peptide. Peptides were eluted using an AB linear gradient of 6.2% CH3CN/min 
from 5 to 95% CH3CN, where eluent A was 0.1% aqueous trifluoracetic acid (v/v) and 
eluent B was 0.1% trifluoroacetic acid in CH3CN. 
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Figure S3.5. Circular dichroism (CD) spectra of coiled coil-forming peptides used 
in this study. CD spectra of (i) T-peptide, (ii) Coiled RGD, (iii) A-peptide, and (iv) D-
peptide in 10 mM PBS (pH 7.4) at 0.1 mg/mL. CD measurements were taken at 25 °C, 
with a data pitch of 0.1 nm and scanning speed of 50 nm/min. The spectra are shown as 
the average of 3 scans per sample. 
 
Table S3.2. 𝜶-helix percentage for peptides used in this study. Helicity calculations 
were performed based on a previously described method.70 
 

Peptide Title Percent Helicity  

T-peptide 4.6% 

Coiled RGD 10.8% 

A-peptide 29.1% 

D-Peptide 22.6% 

 
The spectrum of the T-peptide (EIAALEK)3G7CG (S4-i) shows the peptide adopts a 
random coil structure (overall 𝛼-helicity of 4.6%). As the T-peptide behaved how we 
expected it to in forming coiled-coil complexes with release being dependent on the 
addition of the competing D-peptide (see publication Figure 3.2), we postulate that the 7-
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glycine spacer added to provide physical space between the hydrogel/fiber substrates 
and the coiled domains might also consequently limit the overall 𝛼-helical nature of the 
peptide. That said, it still allowed for stable coiled-coil complexes to form on 
hydrogel/hydrogel fiber substrates that could easily be disrupted via the user-defined 
addition of the complementary D-peptide. This was unsurprising as randomly coiled 
peptides have been previously shown to adopt the helical secondary structure as they 
assemble into coiled-coil complexes – specifically when the sequence contains the 
necessary amino acid motifs to complex with the complementary strand as they do here 
(E/K complementary heptads)53.  
 
The spectrum of the Coiled RGD peptide GYGRGDSPG-(KIAALKE)4 (S4-ii) shows a 
modest helical structure based on the CD spectrum (overall 𝛼-helicity of 10.8%), with the 
addition of the bioactive RGD domain likely limiting the formation of the 𝛼-helix – as 

(KIAALKE)4 itself has been previously shown to be 𝛼-helical47.  
 
The A-peptide (S4-iii) – FAM-(KIAALKE)4 – and the D-peptide (S4-iv) – (EIAALEK)4 – 
have the highest 𝛼-helical content among the peptides in this study (overall 𝛼-helicity of 
29.1% and 22.6%, respectively), as indicated by the CD spectra. Overall, despite the 
peptides exhibiting varying degrees of 𝛼-helicity, they demonstrated the ability to form 
coiled-coil complexes with their complements, thus enabling user-defined, temporal 
presentation of bioactive molecules on NorHA hydrogels and PEGNB fibers as shown in 
Figures 3.1 & 3.2 (fluorophore experiments), as well as Figures 3.3 & 3.4 (fibroblast 
experiments).  
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Figure S3.6. ITC trials for T-Peptide:Coiled-RGD Peptide associations in NIH 3T3 
fibroblast medium. Experiments were performed with injections of 200 𝜇M T-Peptide 
into 20 𝜇M Coiled-RGD Peptide at pH 7.4. Integrated plots were fit to a multiple-site model 
that yielded affinity parameters for these complexes. T-Peptide:Coiled-RGD Peptide 
dissociation constant values from the model are on the order of 10-7-10-9 M for the first 
site and 10-6-10-7 M for the second site. ** Indicates plot series included in main text 
Figure 3.1. 

 
Figure S3.7. ITC trials for Coiled-RGD Peptide:D-Peptide associations in NIH 3T3 
fibroblast medium. Experiments were performed with injections of 200 𝜇M Coiled-RGD 

Peptide into 20 𝜇M D-Peptide at pH 7.4. Integrated plots were fit to a multiple-site model 
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that yielded affinity information for these complexes; however, the plots (notably left and 
middle) demonstrated high residuals for the fits at low molar ratios, indicating that the 
models may not reliably represent the data. Therefore, KD values from the model would 
not accurately represent the system. Nevertheless, the magnitudes of the exothermic 
peaks (refer to y-axes on integrated plots) are considerably greater than those seen for 
T-Petide:Coiled RGD Peptide (Figure S3.6), indicating that the Coiled-RGD:D-Peptide 
complex is thermodynamically favored compared to the T-Peptide:Coiled-RGD Peptide 
complex in culture medium. This favorability likely facilitates the removal of Coiled-RGD 
peptide from T-Peptide via the introduction of D-peptide into the system. Notably, the ITC 
traces exhibit endothermic peaks (left and middle), which are potentially indicative of 
higher-order structures forming in solution57. Interestingly, the last plot series (right) does 
not exhibit the endothermic peaks seen in the other two traces, and we are currently 
investigating the cause of the endothermic peaks as a separate study. ** Indicates plot 
series included in main text Figure 3.1. 
 

 
Figure S3.8. ITC trials for T-Peptide:D-Peptide associations in NIH 3T3 fibroblast 
medium. Experiments were performed with injections of 200 𝜇M T-Peptide into 20 𝜇M D-
Peptide at pH 7.4. Integrated plots were unable to be fit to an association model and 
subtracting integrated heats of dilution yield heats of interaction of essentially 0 kJ/mol. 
Therefore, the T-Peptide and D-peptide do not appreciably associate when in fibroblast 
culture medium. ** Indicates plot series included in main text Figure 3.1. 
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Figure S3.9. ITC trials for T-Peptide:A-Peptide associations in PBS. Experiments 
were performed with injections of 200 𝜇M T-Peptide into 20 𝜇M A-Peptide at pH 7.4, with 
the exception of the final trace (bottom right), which was performed with injections of 200 
𝜇M T-Peptide into 10 𝜇M A-Peptide at pH 7.4. The first trace (top left) was performed with 
50 injections, whereas the remaining traces were performed with 25 injections. Integrated 
plots were fit to an independent-site model that yielded affinity parameters for these 
complexes. T-Peptide:A-Peptide dissociation constant values are on the order of 10-6-10-

7 M. 
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Figure S3.10. ITC trials for T-Peptide:Coiled-RGD Peptide associations in PBS. 
Experiments were performed with injections of 172 𝜇M T-Peptide into 16 𝜇M Coiled-RGD 
Peptide at pH 7.4, with the exception of the final trace (bottom right), which was performed 
with injections of 200 𝜇M T-Peptide into 20 𝜇M Coiled-RGD Peptide at pH 7.4. Integrated 
plots were fit to a multiple-site model that yielded affinity parameters for these complexes. 
T-Peptide:Coiled-RGD Peptide dissociation constant values are on the order of 10-7-10-8 
M for the first site and 10-6-10-7 M for the second site.  
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Figure S3.11. ITC trials for A-Peptide:D-Peptide associations in PBS. Experiments 
were performed with injections of 155 𝜇M A-Peptide into 17 𝜇M D-Peptide at pH 7.4, with 
the exception of the final trace (bottom right), which was performed with injections of 200 
𝜇M A-Peptide into 20 𝜇M D-Peptide at pH 7.4. Integrated plots were fit to a multiple-site 
model that yielded affinity information for these complexes; however, the plots all 
demonstrated high residuals for the fits at low molar ratios, indicating that the models may 
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not reliably represent the data. Therefore, KD values from the model would not accurately 
represent the system. Nevertheless, the magnitudes of the exothermic peaks (refer to y-
axes on integrated plots) are considerably greater than those seen for T-Peptide:A-
Peptide (Figure S3.9), indicating that the A-Peptide:D-Peptide complex is 
thermodynamically favorable compared to the T-Peptide:A-Peptide in PBS. This 
favorability likely facilitates the removal of A-peptide from T-Peptide via the introduction 
of D-peptide into the system. Notably, the ITC traces exhibit endothermic peaks, which 
are potentially indicative of higher-order structures forming in solution57. 
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Figure S3.12. ITC trials for Coiled-RGD Peptide:D-Peptide associations in PBS. 
Experiments were performed with injections of 200 𝜇M Coiled-RGD Peptide into 20 𝜇M 
D-Peptide at pH 7.4. Integrated plots were fit to a multiple-site model that yielded affinity 
information for these complexes; however, the plots all demonstrated high residuals for 
the fits, indicating that the models may not reliably represent the data. Therefore, KD 
values from the model would not accurately represent the system. Nevertheless, the 
magnitudes of the exothermic peaks (refer to y-axes on integrated plots) are considerably 
greater than those seen for T-Peptide:Coiled-RGD Peptide (Figure S3.10), indicating that 
the Coiled-RGD Peptide:D-Peptide complex is thermodynamically favorable compared to 
the T-Peptide:Coiled-RGD Peptide in PBS. This favorability likely facilitates the removal 
of Coiled-RGD peptide from T-Peptide via the introduction of D-peptide into the system. 
Notably, the ITC traces exhibit endothermic peaks, which are potentially indicative of 
higher-order structures forming in solution57. 
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Figure S3.13. ITC trials for T-Peptide:D-Peptide associations in PBS. Experiments 
were performed with injections of 200 𝜇M T-Peptide into 20 𝜇M D-Peptide at pH 7.4. 
Integrated plots were unable to be fit to an association model and subtracting integrated 
heats of dilution yield heats of interaction of essentially 0 kJ/mol. Therefore, the T-Peptide 
and D-peptide do not appreciably associate in PBS. 
 

 
Figure S3.14. Concentration dependency of D-peptide on release of A-peptide with 
comparison to release in cell media. Release of A-Peptide with 5, 10, 50, and 100 𝜇M 
D-Peptide solutions in PBS illustrates that increasing concentration of D-Peptide 
increases removal of A-peptide from the system. However, at higher concentrations, only 
marginal improvement is observed in A-peptide removal – suggesting that kinetics of 
peptide displacement govern removal rather than D-Peptide availability at higher 
concentrations.  
 
10 𝜇M D-peptide in 3T3 fibroblast media generally follows the same trend with marginally 
lower removal compared to 10 𝜇M D-Peptide in PBS. This could be due to interactions 
with the serum in media, but it is more likely that differences in FAM concentration in cell 
media are more difficult to track with the plate reader protocol. We refer to the ITC data 
(Figures S3.6-3.13) that indicate similar affinities in both PBS and cell media. 
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CHAPTER 4: ELECTROSPUN FIBERS ADD ECM-MIMETIC CONTEXT TO 

TRADITIONAL HYDROGEL CULTURE PLATFORMS 

 

4.1. Abstract 

There is a growing appreciation for engineering more dynamic biophysical and 

biochemical attributes of the extracellular matrix (ECM) into in vitro tissue models. More 

recently, fibrous proteins (e.g., collagen, etc.) have received considerable focus due to 

their contribution to the structural properties and mechanical profile of natural tissue. 

Accordingly, researchers have sought to develop biofabrication platforms that incorporate 

these desired fibrous components into synthetically engineered ECM-mimetics (e.g., 

hydrogels). Electrospinning is an accessible platform that has seen extensive use in the 

tissue engineering space due to its ability to fabricate polymeric nano-to-microfibers that 

are able to mimic some of the fibrous context provided by matrix proteins in endogenous 

tissue. Previous research has primarily focused on increasing the biochemical complexity 

of these fibers; however, traditional electrospun meshes are complicated by the dense, 

stochastic deposition of fibers that presents as mostly two-dimensional to cells when 

utilized as culture substrates. This challenge has motivated the advancement of 

biofabrication platforms to utilize polymeric fibers in a 3D environment to recapitulate the 

architecture of natural tissue systems more effectively. In this review, we briefly describe 

the design considerations associated with electrospinning fibers, then focus extensively 

on the demonstrated strategies that leverage them to provide ECM-mimetic context to 

traditional 3D hydrogel culture platforms. 
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4.2. Introduction 

Over the last few decades, strategies to engineer synthetic models of tissue 

systems in vitro have continually evolved to enable more physiologically relevant studies 

of the structure function relationships between cells and their local extracellular matrix 

(ECM)1–4. This increased sophistication is in response to the growing appreciation of the 

complex heterogeneity of the native ECM and the dynamic biophysical and biochemical 

stimuli it imparts to the local milieu for cells to transduce5–9. The ECM in healthy tissues 

is in perfect balance and responds accordingly to external perturbations to conserve a 

homeostatic environment6–8; however, engineering these features into synthetic models 

in vitro remains a challenge with currently available biofabrication technologies2. The 

ECM naturally exists in 4D (i.e., 3D space and time)6,8,10,11, and early iterations of ECM-

mimetics aimed to simplify this via reducing that dimensionality – in time, space, or both 

– to enable isolation of specific variables to investigate2,12. While these studies are 

successful in determining how singular variables affect cell processes, the dimensional 

reduction prevents the ability to discern how the interplay between different matrix 

properties affects cell behaviors.  

 Hydrogel-forming biomaterials are mainstays in the tissue engineering space due 

to their ability to form water-swollen networks that are easily tailored to recapitulate 

various tissue systems in vitro12–14. While some hydrogel-forming polymers are naturally 

derived, such as hyaluronic acid15,16, early iterations of hydrogel scaffolds were often 

viewed as “blank slate” materials and used as inert environments to support cells or 

protect them for delivery in vivo2,12,17. More recently, there has been considerable interest 

in leveraging the flexibility of hydrogels to recapitulate the complex and dynamic 
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heterogeneity of the ECM more effectively such that their utility extends far past serving 

as an inert scaffolding system18,19.  

Crosslinking chemistry and crosslinker molecule are well studied pathways to 

engineer dynamic complexity into hydrogel systems20. For example, through the thiol-ene 

click reaction, spatiotemporal control is afforded by dictating where and when the material 

is crosslinked or modified chemically21,22. There are also myriad chemistries that enable 

reversible crosslinks23–26 or triggered degradation via external stimuli20,27. Crosslinker 

molecules can be designed with specific sequences that are recognized by cell-secreted 

enzymes for degradation28–30, thereby enhancing potential integration with in vivo 

systems. Utilizing noncovalent crosslinking mechanisms is another common avenue for 

creating a dynamic environment for tissue engineering31. For example, self-assembling 

peptide amphiphiles are capable of forming nanoscale fibrils that coalesce into a global 

hydrogel scaffold suitable for cell culture32–35. Additionally, guest-host interactions are 

another class of supramolecular crosslinking mechanisms to create a dynamic hydrogel 

environment36–41. We refer the reader to the following excellent reviews for further 

information on including dynamic complexity into hydrogels for tissue engineering 

applications2,14,31,42.  

 While hydrogels continue to see widespread use in modeling the ECM, they are 

often inherently limited by the nanoscale porosity and topography dictated by the 

continuous polymer network32,43,44. Moreover, capturing more complex matrix mechanics 

like nonlinear elasticity and viscoelasticity is difficult in many bulk hydrogel platforms. In 

the native ECM, fibers comprised of proteins like collagen, laminin, and fibronectin 

present a dynamic environment that can be remodeled by cellular activity with microscale 
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topographical cues that cells transduce45–47. This fibrous component also contributes to 

the tensile strength of the interstitial hydrogel in the tissue and provides adhesion sites 

for cells to engage48. Through integrin-mediated anchoring to the ECM fibers, cells are 

able to exert traction forces and recruit these matrix proteins to locally increase the fiber 

content, and thus, increase the local stiffness of the environment49–52. These contractility 

processes are heavily implicated in common physiological functions like the folding of 

tissues during development or the closure of wounds in the natural healing cascade43. 

The abundant evidence of the importance of these native ECM fibers in vivo has sparked 

a rising interest in incorporating fibrous topography into synthetic 3D culture platforms 

that aim to replicate the ECM in vitro.  

 There are numerous established platforms for incorporating a fibrous component 

into hydrogels for recapitulating the ECM32. Perhaps the simplest is through the use of 

naturally derived proteins like collagen53, or ECM-derived protein mixtures like Matrigel17. 

These examples are well-demonstrated to self-assemble into bulk hydrogels that contain 

protein fibrils – the precursor to ECM fibers. At the molecular level, they innately possess 

cell-adhesive ligands to promote cell-matrix interactions, as well as sites naturally 

susceptible to proteolytic degradation for dynamic restructuring of the matrix54. While 

these offer simple implementation, they share some of the shortcomings of other self-

assembling materials such as the aforementioned peptide amphiphiles, where minimal 

tunability is afforded over scaffold mechanics and topography32. This has inspired the use 

of other biofabrication platforms that enable the design of nano-to-microscale fibers to 

mimic the fibrous proteins in endogenous tissue with increased control over scaffold 

biophysical properties.  
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 These platforms include solution deposition techniques like wet-spinning and melt-

blowing, which are both accessible methods to produce fibers at the nano- and 

microscale55. For wet-spinning, a polymer is dissolved in a suitable solvent and is then 

extruded into a nonsolvent bath where polymeric fibers form56–58. Melt-blowing is a 

scalable technique originally designed for the textile industry in which a polymer melt is 

extruded through nozzles and blown by hot gas to form polymer fibers55,59–61. Drawing on 

concepts from electrohydrodynamics, melt-electrowriting and electrospinning are two of 

the most common platforms to engineer polymer fibers55. Melt-electrowriting is a form of 

additive manufacturing where an electrical voltage is applied to a polymer melt flowing 

through a nozzle. Upon deposition onto a cooled collection plate, the polymer solidifies in 

fiber form with high degrees of spatial control over fiber localization62–65. Electrospinning 

is another prevalent electrohydrodynamic process that enables the design of fibers useful 

for tissue engineering. Here, an electrical field is applied to a polymer solution which, 

though electrostatic repulsion, forces solvent evaporation and a polymer fiber to form on 

the collection surface45. While all of these techniques are able to deposit fibers that range 

the nano-to-microscale, they can be limited by their flexibility in application55,66. For 

instance, wet-spinning commonly requires a strategic solvent/nonsolvent system56 or 

aqueous two-phase system58 that can be difficult to design and in turn offers minimal 

control over resultant fiber properties. Additionally, melt-blowing and melt-electrowriting 

require polymer melts55, which is not accessible for some polymer choices – namely 

naturally-inspired polysaccharides like hyaluronic acid.  

In comparison, electrospinning is a dry spinning method, where the solvents used 

are evaporated during the processing, yielding fibrous scaffolds ready for use or further 
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modifications45,67. Therefore, electrospinning is a widely adaptable technique for a wide 

range of polymer choices for tissue engineering. Hydrophobic versus hydrophilic base 

polymers require a strategic choice for the solvent used when creating the electrospinning 

precursor solution, where hydrophobic polymers commonly require organic solvents and 

hydrophilic polymers are typically electrospun aqueously45. Electrospinning process 

parameters (e.g., solution viscosity, applied voltage, etc.) dictate the mechanical 

properties of hydrophobic materials68–70, with often intensive post-processing parameters 

required for modulating the biochemical profile. Conversely, electrospinning hydrophilic 

materials that crosslink into hydrogel fibers enable all of the flexibilities that are associated 

with dynamic hydrogels, just in a fibrillar format – such as crosslinking density, crosslinker 

type, and tethering biomolecules12,45. We refer the readers to the following review on 

creating dynamic hydrogel fibers for further information on modulating the biochemical 

and biophysical profile of electrospun hydrogel fibers45. While electrospinning is a 

promising technique to create fibrous scaffolds for tissue engineering, there is increasing 

interest in its utility for 3D models of the ECM. Therefore, in this review, we focus on the 

design considerations of electrospun fibers, methods to extend them to 3D applications, 

and their function in hydrogel-fiber composites to provide the fibrous context to traditional 

3D hydrogel culture systems. 

 

4.3. Design considerations for electrospun fibers 

The resultant product of traditional electrospinning is a dense, continuous fiber 

mesh that is stochastically deposited on the grounded collection surface. Historically, this 

fibrous scaffold was considered three-dimensional given the nano-to-microscale 
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topography dictated by the discrete fibers that comprise the mesh. However, the 

dimensions are primarily in XY space at the meso-to-macroscale as scaffolds are treated 

as substrates for cell culture and cells experience minimal influence in the Z direction. 

Nevertheless, electrospun fibers as substrates for cell culture have helped identify critical 

design parameters and fiber properties that might be useful in 3D. Some of these 

properties include fiber diameter and density, fiber anisotropy, and fiber stiffness, as well 

as the incorporation of dynamic complexities, which all are consequential in influencing 

cell behaviors45,46 (Figure 4.1). 

 

4.3.1. Fiber diameter 

 Fiber diameter plays a large role in the dimensionality of the fibers as a substrate71–

73 (Figure 4.1a). When designing the fiber diameter for a scaffold, a scaling argument is 

useful to conceptualize how cells will perceive the topography on the resultant fibrous 

substrate. For example, decreasing fiber diameter (100-300nm) to the same order of 

magnitude of cells’ filopodia (100-200nm)74 allows for cells to transduce single fiber 

topography. This concept was demonstrated in notable work by Christopherson et al.72 

where neural stem cells preferentially differentiated into oligodendrocytes on fibers 

283nm in diameter because dendrites were able to extend along the fibers. In this same 

work, fibers 1452nm in diameter potentiated neuronal differentiation due to cells 

extending along a single fiber longitudinal axis72. Bashur and coworkers75 illustrated a 

similar result where increasing fiber diameter resulted in increased spindle-shaped 

morphologies. Interestingly, work from Whited and Rylander73 showed that fibers with 

diameters of 1200nm introduced a level of topography that possibly influenced cells to 

reside within the space between fibers and not extend along fiber axes. Therefore, larger 
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fiber diameters have the potential to introduce a degree of topography that prevents cells 

from navigating the substrate during culture.  

 

4.3.2. Fiber density 

 Another important design criterion in electrospun substrates is the fiber density 

(Figure 4.1b). Electrospun scaffolds are inherently dense networks due to the stochastic 

deposition of the fibers during the electrospinning process. These dense networks are 

known to limit cell infiltration and there are numerous strategies to improve porosity of 

electrospun scaffolds76. One notable strategy includes the use of sacrificial fibers – 

essentially a second electrospinning setup that uses a water-soluble polymer to take up 

space during scaffold production but washes away upon swelling in aqueous media77–79. 

Other techniques include patterned porosity through fiber crosslinking methods80, laser 

ablation81, and salt leaching82. These techniques are well-demonstrated to assist cell 

infiltration into dense scaffolds to increase the dimensionality of an electrospun substrate. 

The density of the fiber network has also been shown to be implicated in disease 

progression. For example, a recent study from Devarasou et al. showed that decreasing 

the fiber density of the scaffold was correlated with an increased cancer-associated 

fibroblast activation83. Another interesting study demonstrated that cells cultured on less 

dense scaffolds exhibited a higher propensity for infection with wildtype SARS-CoV-2 than 

cells on dense scaffolds, suggesting that the biomechanics of the lung (i.e., correlating 

with lung age) might not be a driving factor behind the higher infection rates of geriatric 

populations with the virus84. 

 



138 

 

4.3.3. Fiber alignment 

 Controlling the alignment of the electrospun fibers has also been shown to 

influence cell behaviors and morphologies (Figure 4.1c). There are a number of 

Figure 4.1. Design considerations implicated in the fabrication of electrospun fibers. 
Overview of the different properties of electrospun fibers that can influence the biophysical and 
biochemical environment of a cell culture scaffold. (a-d) Properties that are directly related to 
the precursor solution properties (e.g., concentration, solvent, polymer type, etc.) and 
electrospinning process parameters (e.g., flow rate, needle gauge, applied voltage, collector 
type, etc.). Schematics indicate how cells might respond to different presentations of these fiber 
characteristics. (e) Dynamic properties of electrospun fibers are often added during post-
electrospinning processing (except covalent reorganization, which is commonly achieved 
through reactive groups on the polymer backbone that are presented on fiber surfaces). 
Schematics inspired by: (a) refs. [71–73,75], (b) refs. [76–79], (c) refs. [85–89], (d) refs. [91–93], and (e) 
refs. [97–101]. Figure created using BioRender.com. 
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established techniques to align electrospun fibers, but perhaps the most commonly 

utilized method is to collect the resultant fibers on a rotating surface that is moving at a 

sufficient linear velocity to induce a parallel orientation. Through the contact guidance 

conferred by the aligned fibers, cells generally adopt a spindle-like morphology in the 

direction of fiber anisotropy85. These contact guidance signals are also known to assist in 

potentiating stem cell differentiation86. For example, Lim et al.87 and de Sousa et al.88 both 

reported increased beta III tubulin expression (Tuj1) in neural stem cells cultured on 

aligned electrospun fibers compared to randomized fibers. These physical cues are also 

established to be a driving factor in cell motility. In one particular study, Sundararaghavan 

and coworkers89 demonstrated that fiber alignment had a greater effect on endothelial 

cell migration than a chemotactic gradient of VEGF, suggesting that topography might be 

a more powerful driver of migration than growth factor signals. Therefore, the 

topographical signals and contact guidance conferred by a cell culture system are 

important considerations when designing an in vitro system.  

 

4.3.4. Fiber stiffness 

 Fiber stiffness is the last intrinsic fiber property that needs to be considered when 

designing a 2D electrospun substrate (Figure 4.1d). Importantly, there is an important 

distinction between single-fiber mechanics and bulk scaffold mechanics. Due to the 

nature of the electrospinning process, when a fiber forms due to solvent vaporization, the 

fiber is considerably more polymer-dense than traditional bulk hydrogels. These fibers 

overlap to create a network that has different bulk properties compared to single fibers, 

where single fibers have the potential to be orders of magnitude stiffer than the bulk 
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fibrous scaffold90. A simple way to control fiber stiffness is during the electrospinning 

process, which is commonly done when electrospinning hydrophobic polymers that offer 

minimal downstream control over the biophysical properties of the fibers45. Leveraging 

hydrogel-forming biomaterials circumvents this challenge and provides enhanced 

flexibility in the stiffness of resultant electrospun fibers. It is well established that soft fibers 

in the scaffold allows for cells to recruit discrete fibers and reorganize the network91. 

Indeed, early work from Baker and coworkers92 reported a contradictory relationship 

between fiber stiffness and cell spreading when compared to soft and stiff 2D hydrogels. 

In a soft fibrous environment, cells were able to recruit fibers locally and increase their 

spreading and focal adhesion formation – a phenomenon that is the opposite on soft 2D 

hydrogels, where higher stiffness is generally required to promote cell spreading. This 

ability to recruit and reorganize fibers has since been demonstrated to enhance cell 

migration93, activation of fibroblasts and expression of 𝛼-smooth muscle actin in fibrosis 

models43,94, vascuologenesis95, and migration of cells into the depth of thicker electrospun 

scaffolds96. 

 

4.3.5. Dynamic complexity in electrospun fibers 

 Towards utilizing 2D electrospun fibers as more cell-instructive, ECM-mimetic 

structures, there has been an increased focus on incorporating dynamic complexity into 

the resultant fibrous scaffolds (Figure 4.1e). For example, introducing nonlinear matrix 

mechanics to 2D electrospun scaffolds is achievable through “crimping” the fibers in the 

scaffold, which was done through heat treatment of polyester fibers97 or through the 

selective conjugation of a hydrophilic peptide to hydrogel fibers98. Cell-responsive 
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sources of dynamic complexity have also been introduced through advanced crosslinking 

strategies. To this end, protease-sensitive hydrogel fibers have been developed using a 

matrix metalloproteinase-cleavable crosslinker molecule to allow for cell-mediated 

degradation of individual fibers99. Additionally, Davidson and coworkers100 utilized 

hydrogel fibers that presented hydrazone-forming moieties to allow cells to recruit those 

fibers and covalently remodel the network. Another source of complexity is through the 

spatiotemporal presentation of biomolecules to the environment101. Perhaps the most 

common technique for achieving this is through spatially-controlled thiol-ene coupling 

chemistries102–104, and these biomolecules are tunable to allow for user-defined temporal 

release104. Localizing the presentation of cell-instructive molecules, like adhesive ligands, 

enables precise specification of the cellular microenvironment. These spatiotemporal 

control mechanisms are designed to provide flexibility when engineering electrospun 

fibers that permit dynamic complexity in the resultant scaffold.  

 

4.3.6. Electrospun fiber design summary 

While the discussed examples are nowhere near exhaustive, they highlight the 

flexibility involved when designing electrospun fibers for use in 2D culture scaffolds. 

However, endogenous ECM exists in 3D, with considerable dynamic complexities that 

influence cell behaviors in the milieu, thereby motivating the desire to translate 

electrospun fibers into 3D. Here, we group the current methods that utilize electrospun 

fibers in 3D within 3 groups: (1) thick electrospun scaffolds via increased fiber density or 

multiple layered meshes, (2) fiber:hydrogel composite macrostructures, and (3) 

electrospun fibers within hydrogel microparticle systems. Hereafter, we aim to provide an 
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overview of the seminal works in these groups to inform the next stage of electrospun 

fibers in 3D. 

 

4.4. Thick electrospun scaffolds via increased fiber density or layered constructs 

4.4.1. Thick fibrous scaffolds via increased fiber deposition 

 It was previously discussed that a traditional electrospun scaffold has minimal 

dimensionality as the deposited scaffolds are 2D at the meso- and macroscale. Perhaps 

the simplest strategy to introduce the third dimension to these scaffolds is to develop 

thicker meshes through either increasing fiber density by electrospinning for longer 

periods of time or layering multiple meshes to build a 3D scaffold from the bottom up. 

Increasing the duration of the electrospinning process will inherently allow for more fibers 

to deposit on the collection surface, thereby building out the scaffold in 3D space where 

thickness is dictated by process time (Figure 4.2a). There are numerous studies that 

leverage thicker electrospun scaffolds for cell culture applications76,96,105–107. Interestingly, 

when the thickness of the scaffold is increased, it provides the opportunity to modulate 

the composition of the resultant fibers. For example, haptotactic gradients can be 

introduced throughout the thickness of electrospun meshes to enhance cellular infiltration 

into the scaffold106. This increased complexity demonstrates a possible avenue to control 

the biochemical profile of thick electrospun meshes. It is important to note, however, that 

the degree of porosity is a pervasive challenge in thick electrospun scaffolds. Strategies 

to surmount this challenge include modulating the fiber diameter and packing density76, 

selective protease degradation and sacrificial fibers107, and selective crosslinking to 

incorporate macroscale porosity80. While these thick, 3D scaffolds aim to increase the 
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dimensionality of traditional 2D electrospun fibers, they are still commonly utilized as 

substrates where cells are seeded on top of the scaffold and metrics like cell invasion are 

investigated.  

 

Figure 4.2. Thick electrospun scaffolds via increasing fiber deposition or layering 
of multiple scaffolds. Early iterations of 3D electrospun fibers leveraged thicker 
scaffolds to increase the dimensionality of the traditional 2D scaffolds. (a) Perhaps the 
simplest strategy to fabricate a thick electrospun mesh is to increase the duration of the 
electrospinning process, and thus the fiber deposition onto the collection surface. (b) 
Layer-by-layer addition of electrospun scaffolds enables a modular design approach to 
thick electrospun scaffolds, where each layer can present different biophysical cues (e.g., 
alignment, etc.) and biochemical cues (e.g., drug delivery, degradability, etc.). (c) Rolling 
a scaffold with 1+ layers enables a 3D construct that might be useful for a variety of 
different tissue engineering applications. A cylindrical scaffold comprised of different 
layers still affords the modularity associated with other layer-by-layer strategies, but also 
provides an additional level of biomimicry by recapitulating the structural features of 
cylindrical systems (e.g., vasculature). Schematics inspired by: (a) refs. [76], (b) refs. 
[121,125–127,130], (c) refs. [115,116,123]. Figure created using BioRender.com.  
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4.4.2. Thick electrospun scaffolds via layering multiple discrete meshes 

 Stacking of multiple individual electrospun scaffolds is an extension of thick fibrous 

meshes that allows for additional control by designing each layer within the thick scaffold. 

This is most commonly achieved through layering multiple individual scaffolds 

together108–114 or rolling a singular scaffold to form circular layers115,116 (Figure 4.2b-c). 

These layers can be self-supported or held together via supramolecular interactions that 

support adhesion between layers117. In one example, Orr and coworkers demonstrated 

that layering multiple aligned PCL meshes increased the tensile strength of the scaffold 

while also promoting the deposition of collagen I from human adipose-derived stem cells. 

This strategy suggests better clinical translation by engineering physiologically-relevant 

sizing of the constructs that are designed to supplement tendon tissue engineering118, 

thereby exemplifying the advantages of a layer-by layer approach with electrospun 

meshes. 

Perhaps the most intriguing and powerful strength of the layer-by-layer approach 

is the capacity for modular design. Each layer has the capability to be individually 

designed to contribute a unique aspect to the overall 3D scaffold. In the simplest form, 

this can be achieved by controlling the types of fibers within each layer and the cell types 

seeded on each layer114, with the ability to create cell-dense constructs throughout Z-

space via layers of confluent cells on fibers119. However, the aforementioned design 

parameters for electrospun fibers are all implicated when constructing a 3D matrix via 

layer-by-layer assembly. For example, the contact guidance cues that cells transduce 

within their local microenvironment can be directly specified by the fiber diameter120 and 

fiber alignment121,122 used for that specific layer of the overall scaffold. Inspired by this, 
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Yang et al.121 demonstrated the ability to dictate cell directionality by solely changing the 

angle of aligned fibers within each layer of a scaffold. Additionally, Kim and coworkers123 

developed a novel nerve-guide conduit via rolling an electrospun mesh with spatially-

controlled alignment. In this example, the inside of the conduit presented aligned fibers 

to promote directional cell growth, with outer layers comprised of randomized fibers to 

increase the mechanical fidelity of the overall structure123.  

The capacity for modular design also enables the specification of dynamic 

complexities into the overall scaffold. A common platform for introducing dynamic 

complexity is via controlling the degradation profile of the fibers to enhance integration in 

vivo124. Yu et al. implemented this concept via rolling five different layers of PLGA fibers 

where the ratio of PLA:PGA was modulated to tune the degradation time scale within 

each layer125. This rolled structure was designed as a nerve guide conduit that would 

enable degradation from inside-out to prevent collapse of the conduit during nerve 

regeneration. Another notable avenue for dynamic complexity in layered electrospun 

scaffolds is incorporating controlled release profiles for delivery of bioactive molecules. 

For example, a layer of fibers can be electrospun containing bioactive cargo that will 

release over time due to diffusion into aqueous media when the scaffold is hydrated. 

Interestingly, Kamath et al.126 and Yu et al.127 demonstrated increased control over the 

initial burst and long-term cumulative release profiles of biomolecules via protection of the 

cargo-containing fibers with layers of hydrophobic PCL fibers to slow diffusion. Other 

examples of dynamic complexity in layered scaffolds include the use of stimuli-responsive 

layers. To this end, Cho and coworkers128 reported a modular design of tri-layered 
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scaffolds where each layer could individually respond to changes in temperature and pH 

to engineer smart soft actuators for a variety of applications.  

Utilizing layered electrospun fibers to form 3D scaffolds allows for considerable 

control over the biophysical and biochemical compositions of the resultant constructs. 

While only briefly outlined here, strategies to build a layer-by-layer in vitro model are 

widely applicable. Through careful design of the individual fibers that comprise each layer 

(i.e., polymer choice, fiber stiffness, alignment, dynamic complexities, etc.), a tissue-

specific in vitro construct can be easily engineered. Although, it is important to note that 

the porosity of the overall construct remains a pervasive challenge. Similar to 

electrospinning 2D scaffolds or thick 3D scaffolds, the density of the deposited fibers often 

yields sub-cell scale porosity, thereby limiting cell infiltration and migration129. Strategies 

to circumvent this include offsetting layers of fibers to provide space between layers for 

cells to navigate130 or utilizing mesh collectors to modulate fiber density within each 

layer131; however, simple methods to directly control porosity in layered electrospun 

scaffolds remains challenging.   

 

4.4.3. Thick electrospun scaffolds summary 

There is considerable demonstrated utility of thick electrospun scaffolds fabricated 

via extended electrospinning times or multiple layers of 2D scaffolds, but they neglect to 

recapture many of the important features of the ECM. Notably, these scaffolds are 

comprised completely of fibrous polymers, which is not necessarily representative of 

tissue composition in vivo. Most tissue types contain a fibrous reticular network with a 

water-swollen hydrogel component dispersed between the fibrous proteins6,48. Therefore, 
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to faithfully recapitulate the ECM microenvironment in vitro, a combination of hydrogel 

and fibrous components are needed. In line with this, there are many demonstrated 

platforms to incorporate electrospun fibers in 3D in combination with hydrogel 

components.  

 

4.5. Electrospun fiber:hydrogel composite structures for 3D tissue models 

4.5.1. Encapsulating continuous fibrous scaffolds in 3D hydrogels 

 Electrospun fiber:hydrogel composite structures are an emerging platform to 

engineer 3D tissue models due to their ability to more closely recapitulate the 

microarchitecture of the ECM. Early iterations of these composite structures utilized 

traditional 2D electrospun scaffolds and encapsulated them within a hydrogel matrix to 

form a 3D construct (Figure 4.3a) strategies that successfully incorporate electrospun 

fibers within a fibrous matrix. Examples of these methods in practice include 

encapsulating rolled electrospun meshes within a hydrogel for coronary artery bypass 

grafts132, multilayered scaffolds bound together using a crosslinked hydrogel133, and 

homogeneous distribution of sectioned fibrous scaffolds within a hydrogel134. These 

approaches leverage the innate topography of electrospun fibers along with the 

contribution of fibers to the tensile strength and complex mechanics of the 3D hydrogel132; 

however, the dimensionality of the overall construct is typically dictated by the hydrogel 

with the fibers contributing in a quasi-2D role.  

To address this, modified encapsulation techniques have been employed to enable 

the fibers to contribute throughout the entire hydrogel in 3D. For example, Ekaputra and 

coworkers135 leveraged a dual-deposition process where PCL/collagen fibers were 
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electrospun onto a rotating mandrel along with simultaneous electrospraying of a 

hyaluronic acid hydrogel derivative. The electrosprayed hyaluronic acid introduced space 

between the fibers while also enabled the creation of a 3D construct that enabled 

increased cellularization135. Other techniques include utilizing core-shell electrospun 

fibers where a gelatin shell would enable in situ hydrogel encapsulation of the core fibers 

through gelatin network formation136, as well as leveraging modified electrospinning 

setups to enable uniform distribution of fibers in a hydrogel network137. Importantly, a 

uniform distribution of fibers within a hydrogel, regardless of the encapsulation technique, 

introduces ECM-mimetic structural and interstitial hydrogel characteristics to the 

engineered environment, with fibers reinforcing the mechanical properties of the resultant 

construct137.  
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Figure 4.3. Electrospun fiber:hydrogel composite structures for 3D tissue models. 
(a) The simplest strategy to incorporate electrospun fibers into a 3D bulk hydrogel is to 
utilize continuous fiber meshes and encapsulate them in hydrogel. This can also be done 
on-the-fly during the electrospinning process where a second polymer is electrosprayed, 
yielding droplets of hydrogel that encompass the fibers – thereby simultaneously building 
out the fiber and hydrogel components of the construct over time. (b) Encapsulating fiber 
segments in hydrogel is perhaps a more biomimetic strategy to utilize electrospun fibers 
in 3D. These fiber segments are incorporated at low volume and used to study how cells 
respond to fibrous cues in bulk hydrogel (e.g., in vitro modeling of fibrosis). (c) 
Nanofiber:hydrogel composites are similar to the previous strategy of encapsulating fiber 
segments, except this platform grafts fibers to a hydrogel-forming polymer’s backbone, 
which directly incorporates the fibers into the crosslinking process. A significant 
advantage of this platform is that it adds segmented fibers to an injectable hydrogel 
system, thereby providing a minimally-invasive delivery mechanism for in vivo studies. (d) 
Fibrous hydrogel assemblies illustrate a flipped version of the previous strategies, where 
the electrospun fibers comprise the majority of the scaffold, with a crosslinking molecule 
in between fibers to covalently immobilize the network. This system is similarly injectable, 
which enables 3D printing for complex in vitro structures, and the potential for in vivo 
delivery. Notably, the high-fiber content of these scaffolds enables contractile cell types 
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to recruit individual fibers and locally reorganize their microenvironment. (e) There are 
also demonstrated biofabrication platforms to align fibers within 3D bulk hydrogels to 
confer anisotropy to cells cultured in the environment. For example, 3D printing of fiber-
hydrogel solutions enables shear-induced alignment of the fibers in the hydrogel following 
crosslinking. This same anisotropy can be achieved through magnetic alignment of fibers 
if the electrospun fibers were designed to contain magnetic particles during the fabrication 
step. Schematics inspired by: (a) refs. [133–135,138], (b) refs. [139–141], (c) refs. [142–144], (d) 
refs. [145], and (e) refs. [146–148]. Figure created using BioRender.com. 
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4.5.2. Encapsulating fiber segments in 3D hydrogels 

Leveraging encapsulated electrospun fibers indeed recapitulates ECM-mimetic 

structural context in engineered in vitro constructs; however, the presence of fibrous 

proteins within the native ECM can be more complex and not necessarily analogous to 

directly incorporated continuous electrospun networks. For example, the collagen protein 

fibers within endogenous ECM environments are ~3-22 𝜇m in length149 and ~300-900 nm 

in diameter32. In response, to mimic the fibrous microarchitecture of natural tissue more 

accurately, researchers have shifted towards utilizing segmented electrospun fibers that 

are uniformly encapsulated in 3D bulk hydrogels. Strategies for this include embedding 

small quantities of electrospun fiber segments into traditional bulk hydrogels, grafting 

hydrogel backbones to fiber segments, and annealing individual fibers together to form a 

3D bulk construct.  

 

4.5.3. Embedding electrospun fiber segments into 3D bulk hydrogels 

 An emerging strategy to incorporate a fibrous component to ECM models is to 

utilize short electrospun fiber segments that are embedded within a bulk hydrogel (Figure 

4.3b). When utilized in small quantities, embedded fiber segments add a fibrous 

component to traditional hydrogels while conserving the interstitial hydrogel matrix 

between fibers. Importantly, similar to rebar in concrete, the addition of these electrospun 

fiber segments can bolster the mechanical properties of the hydrogel when compared to 

its purely continuous analog150,151. From a physiological perspective, these fibers mimic 

the architecture of natural tissues at low fiber content and can model a pathogenic 

environment simply by increasing fiber content within the matrix139. Indeed, embedded 
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fiber segments have been shown to affect cell spreading in 3D environments in a fiber 

density-dependent manner that is statistically significant compared to a bulk hydrogel 

without embedded fibers140,141. These engineered constructs are able to model a pro-

fibrotic environment where upregulation of yes-associated protein (YAP) expression – a 

marker associated with fibrosis progression – is casually related to increased fiber content 

within the construct139,140. While these constructs are well demonstrated as models of 

fibrosis, their utility extends far past this pathology. Indeed, recent work has shown that 

embedded fibers can mediate cell spreading in the wound healing space through Rho 

GTPase activity152, and can also model the peritumoral environment to study epithelial-

mesenchymal transition and cellular migration153. In addition to the examples provided, 

this established strategy to model the 3D ECM is generalizable and can be leveraged to 

recapitulate virtually any tissue system of interest due to the direct control over fiber 

content and interstitial hydrogel mechanical and chemical properties.  

 

4.5.4. Grafting hydrogel-forming polymers to electrospun fiber segments 

 Another promising technology platform to incorporate fibrous topography within 3D 

hydrogels is to covalently bond segmented fibers to the hydrogel-forming polymer 

backbone (Figure 4.3c). Similar to previous strategies where fiber segments are 

embedded in the bulk hydrogel, grafting electrospun fibers to the hydrogel backbone 

significantly increases the storage moduli of the resultant constructs142 – a result that is 

consistent with the known mechanical contributions that fibers add to native tissue. 

Perhaps the most intriguing aspect of this platform is its injectability, which enables a 

targeted and minimally-invasive delivery mechanism142. Critically, fibers that are not 
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grafted to the polymer backbone were observed to phase separate out of the bulk 

hydrogel, thereby highlighting the importance of chemical conjugation between the fibers 

and the interstitial hydrogel matrix142. In this example, Li et al. utilized carboxyl-modified 

PCL fibers to introduce a maleimide to the fiber surface that would react with a HA-

SH/PEGDA hydrogel system to covalently graft fibers within the hydrogel142. However, it 

is worth noting that this is likely attainable through many other chemistries. Conceivably, 

electrospun hydrogels that possess reactive moieties on their surface could covalently 

interact with bulk hydrogel solutions to achieve a similar suspension of fibers grafted to 

the bulk 3D hydrogel construct.  

 These injectable, nanofiber-laden constructs have a wide array of established 

applications. They were originally investigated as scaffolds to augment soft tissue 

regeneration, with demonstrated ability to promote pro-regenerative macrophage 

phenotypes and functional angiogenesis in a rat model142. Since, there has been 

considerable work extending the utility of these composite structures to other tissue 

systems. One particularly interesting example is the application of this platform to promote 

regeneration in a spinal cord contusion model. In this study, the injectable electrospun 

fiber:hydrogel composite was introduced to a spinal cord injury to assess its ability to 

promote neural tissue regeneration143. Similar to previous reports, the injected scaffold 

promoted a pro-regenerative macrophage polarization, which in turn yielded increased 

angiogenesis and axon and neuron presence compared to controls. While this 

fiber:hydrogel composite structure provided mechanical support to the injury area and 

promoted a pro-regenerative environment, it did not result in any measurable functional 

recovery, suggesting that improvements are still needed to provide both structure and 
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function to spinal cord injuries143. This study was extended to also deliver MSCs along 

with the fiber:hydrogel composite to investigate their ability to augment repair of spinal 

cord injuries144. The inclusion of MSCs indeed resulted in increased presence of axons 

and astrocytes compared to just the fiber:hydrogel composite; however, MSCs were still 

unable to improve functional recovery, continuing to suggest that advances are still 

needed when using these composites as injectable therapeutics144. In addition to these 

examples, this particular suite of fiber:hydrogel composites has also seen use in the 

treatment of Crohn’s disease-related fistulas154 and has also been enhanced with 

fractionated fat to further promote a pro-regenerative environment upon delivery155.  

 

4.5.5. Crosslinking discrete electrospun fiber segments into a bulk construct 

The previously described fiber:hydrogel composites relied on the hydrogel 

contribution as the main component of the overall 3D construct. Conversely, an emerging 

fiber:hydrogel composite platform utilizes electrospun hydrogel fibers as the backbone of 

the 3D scaffold with annealing achieved via incorporation of a crosslinking molecule145 

(Figure 4.3d). In this design, the hydrogel fibers are crosslinked together to form a 3D 

construct that is amenable to contracting under cell-relevant forces. Davidson et al.145  

demonstrated that different fiber densities within the hydrogel assembly dictated the 

ability for cells to contract the overall scaffold. This contraction behavior was due to the 

ability of cells to exert traction forces and recruit fibers, thereby locally stiffening the matrix 

– characteristics that are advantageous for modeling the ECM during development and 

pathogenic progression (e.g., fibrosis)145. These fiber:hydrogel composites represent 
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another platform to introduce dimensionality to electrospun fibers where high fiber 

contents are desired in the resultant construct, with many potential biological applications.  

 

4.5.6. Alignment within electrospun fiber:hydrogel composites 

 Fiber:hydrogel composites are a versatile suite of biofabrication platforms that 

enable modeling the ECM in vitro with physiologically-relevant fiber content and complex 

matrix mechanics. Advances in these technologies have enabled alignment of the fiber 

component of the hydrogel to mimic the anisotropic nature of many tissue types (e.g., 

muscle tissue) (Figure 4.3e). Previously described work has demonstrated that fibers 

within fiber:hydrogel composite assemblies can undergo alignment when strains are 

introduced to the system145. There has been some additional work aiming to provide user-

defined control over alignment of the fibrous component directly through the biofabrication 

process. Prendergast and coworkers have demonstrated a 3D printable bioink that 

contains short fiber segments that undergo shear-induced alignment during the printing 

process146. This platform was further extended to culture meniscal constructs where the 

contact guidance from anisotropic fibers within the printed material yielded increased cell 

and collagen alignment147. Hiraki et al. developed another interesting strategy to align 

fibers within a fiber:hydrogel composite structure148. Here, magnetic particles were 

incorporated into electrospun fibers that were segmented and encapsulated within a bulk 

hydrogel. These fibers were observed to undergo alignment within the hydrogel upon 

introduction of a magnetic field148. These strategies are advantageous as they are 

accessible methods to introduce alignment within fiber:hydrogel composite structures that 

aim to model tissues where anisotropy is a critical attribute.  
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4.5.7. Electrospun fiber:hydrogel composite summary 

 Electrospun fiber:hydrogel composite structures are a continuously evolving class 

of biofabrication platforms that offer many advantages when engineering ECM-mimetics. 

The fibers within the hydrogel contribute to the overall mechanics and provide adhesion 

sites for cells to engage – analogous to fibrous proteins in native tissue. Embedded fibers 

within bulk hydrogels offer an attractive method for modeling both healthy tissue and 

disease progression through both randomized and aligned orientations, with injectable 

composites providing an interesting platform for wound regeneration. While these 

technologies offer great advantages to traditional hydrogel culture, they are still in their 

relative infancy, and there is room for enhancements as the platforms are adapted to 

model additional tissue systems in vitro or applied to support functional regeneration to 

new injury models in vivo.  

 

4.6. Electrospun fiber-based granular hydrogel systems  

4.6.1. Layered electrospun fibers within hydrogel microparticles 

 Granular hydrogels are an attractive class of biomaterials due to their vast array of 

applications in the tissue engineering and regenerative medicine spaces – serving as 

platforms for extrusion printing and injecting, as well as permissive environments for 3D 

cell culture156–158. These hydrogel systems offer many advantages over traditional 3D bulk 

hydrogels, including more direct control over porosity and scaffold mechanics which are 

tunable through individual hydrogel microparticle (HMP) design159. Recent works with 

HMPs have begun to incorporate electrospun fibers to increase the dynamic complexities 

of granular hydrogel scaffolds. For example, an interesting study utilized a layer-by-layer 



157 

 

approach of electrospun fibers and hydrogel to introduce modularity within individual 

HMPs160. Importantly, traditional HMPs are advantageous due to their capacity for 

modular design by mixing different types of HMPs within a single system161,162; however, 

Cho and coworkers were able to leverage the different layers of electrospun fibers to 

introduce modularity within each HMP and this strategy was applied to deliver two 

different growth factors simultaneously160 (Figure 4.4a).  

 

Figure 4.4. Electrospun fiber-based granular hydrogel systems. (a) HMPs constructed of different 

layers of electrospun fibers enable the same modularity as layer-by-layer 3D electrospun meshes, just 

in the context of HMPs. These layers can be used to toggle different drug delivery profiles within each 

HMP, and resultant particles can theoretically be utilized like other HMPs (e.g., injectable slurry, 

jamming, etc.). (b) Fibers dispersed in HMPs achieve the same advantages of the nanofiber:hydrogel 

composite previously described, with better injection properties due to the fragmented nature of the 

hydrogel when compared to the previous iteration of the composite hydrogel. (c) Segmented hydrogel 

fibers as the “particles” in HMP systems demonstrate favorable injectability as tissue culture scaffolds 

as well as unique properties when utilized as granular hydrogel scaffolds. Schematics inspired by: (a) 

refs. [160], (b) refs. [163], and (c) refs. [167,168]. Figure created using BioRender.com. 
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4.6.2. Hydrogel microparticles with dispersed electrospun fibers 

 HMPs have also been designed to encapsulate dispersed fiber segments, where 

the advantages of fibers embedded within a bulk hydrogel are combined with the 

advantages associated with HMPs. Important work from Yao et al.163 demonstrated that 

mechanically fragmented HMPs comprised of PCL fibers grafted to a hyaluronic acid 

hydrogel backbone show enhanced injectability while promoting a pro-regenerative 

environment when delivered with MSCs in vivo. This study illustrates the ability to adapt 

the previously described fiber:hydrogel composites142 as a granular hydrogel media via 

mechanical fragmentation into individual microparticles. Electrospraying is another 

accessible biofabrication platform that, when combined with segmented electrospun 

fibers, can yield HMPs with encapsulated fibers. This class of fiber-containing HMPs has 

shown considerable promise as a stem cell delivery mechanism164, a platform for directing 

cell behavior via presentation of bioactive peptide motifs165, and a scaffold that promotes 

cell infiltration and tissue integration when applied in vivo166.  

 

4.6.3. Segmented electrospun hydrogel fibers as the “grains” in granular hydrogel 

systems 

 The last major class of electrospun fibers applied in granular hydrogel systems is 

when the individual “grain” of the granular hydrogel is a segmented fiber. Analogous to 

spherical microparticles, segmented electrospun fiber lengths are packed together to form 

a 3D bulk hydrogel construct. Miller et al. demonstrated the utility of a fiber-based granular 

hydrogel stabilized via supramolecular interactions where adamantane-modified fibers 

were mixed with 𝛽-cyclodextrin- modified fibers to form a robust 3D hydrogel network that 
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promoted MSC spreading and elongation167. This platform was extended in vivo and 

encapsulated in a degradable interstitial hydrogel prior to injection into a pelvic organ 

prolapse injury model to augment tissue repair168. Additional work from our lab has shown 

that segmented electrospun fibers entangle when packed together via centrifugation and 

behave like a robust 3D hydrogel at rest but exhibit interesting mechanical properties 

when the scaffold is perturbed – such as injectability and extensibility of the material, with 

shear-induced alignment of fibers occurring during extrusion printing that confers contact 

guidance cues to cells seeded on printed filaments169. This work was furthered to 

demonstrate the utility of packed electrospun microfibers as a permissive granular 

hydrogel for 3D cell culture. Indeed, these systems are tailorable to model the 

viscoelasticity of native tissue and recapitulate complex matrix mechanics like stress 

dissipation properties characteristic to many tissue types in vivo169.  

 

4.6.4. Electrospun fiber-based granular hydrogel systems summary 

Applying electrospun fibers to granular hydrogel systems offers considerable 

advantages to engineering ECM-mimetic biomaterials scaffolds. The modularity offered 

by layer-by-layer assembly of HMPs160 and the topography provided when incorporating 

dispersed fiber segments within HMPs163–166 enable a more ECM-like context when 

utilizing granular hydrogels to model tissues in vitro. However, perhaps the most 

interesting use of electrospun fibers in granular hydrogels is when segmented hydrogel 

fibers are treated as “grains” and packed together to form 3D hydrogel environment167–

169. These scaffolds are shown to be easily modified to model various tissue mechanics 

with controlled topography, thereby illustrating their wide range of utility when modeling 
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the ECM in vitro. While this platform is still rapidly evolving, preliminary demonstrations 

suggest their efficacy in tissue-mimetic scaffolds in vitro.   

 

4.7. Moving forward in 3D electrospun fiber design 

 Applying electrospun fibers in 3D contexts is a growing field that has major 

implications in tissue engineering and regenerative medicine spaces. While early 

iterations focused on “thick” scaffolds via extended electrospinning durations and layering 

of multiple scaffolds, they often contain supraphysiological fiber densities and nanoscale 

porosities that frustrate the ability to utilize these scaffolds both in vitro and in vivo. Bulk 

fiber:hydrogel composites are promising biofabrication platforms to model both healthy 

and pathogenic ECM in vitro or support tissue regeneration in vivo. Similarly, electrospun 

fibers within granular hydrogel systems have demonstrated utility in both modeling tissue 

in vitro and supporting tissue regeneration in vivo. However, these biofabrication 

techniques are still in their infancy and further studies are needed to extend their 

applicability to other tissue models.  

 In the future, fiber:hydrogel composites and fiber-based granular hydrogel 

assemblies can be applied to new tissue systems in addition to the already established 

in vitro and in vivo applications. Virtually all tissue types contain some form of fiber content 

with varying levels of anisotropy, suggesting the utility of these techniques to study both 

healthy and diseased tissue models. Additionally, when applied in vivo to augment tissue 

repair, further advancements are needed to provide both structure and function, with 

functional regeneration currently remaining elusive. Perhaps more studies into modifying 

the biochemical and biophysical profiles, along with the dynamic complexities of the fiber-
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containing scaffolds based on different fiber/hydrogel design considerations can further 

enhance the endogenous regeneration cascade and reestablish function to different 

damaged tissue models – a hurdle that must be cleared prior to clinical translation.  

Overall, while we continuously improve fiber:hydrogel composites and fiber-based 

granular hydrogel scaffolds, we must also surmount the critical step forward of simplifying 

the accessibility of electrospinning and hydrogel formation. This will allow for the 

biofabrication platforms described herein to be readily adopted by both tissue engineers 

and non-tissue engineers alike. 
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CHAPTER 5: PACKED HYDROGEL MICROFIBERS AS A GRANULAR MEDIUM 

 

This chapter has been adapted from the following publication: Grewal, M.G., Helein, G.T., 

Sumey, J.L., Caliari, S.R., Highley, C.B. Packed hydrogel microfibers as a granular 

medium. In submission, online at bioRxiv (2023) DOI: 10.1101/2023.06.19.545582. 

 

5.1. Abstract 

Particle-based (granular) hydrogels are an attractive class of biomaterials due to their 

unique properties and array of applications in the biomedical space – serving as platforms 

for extrusion printing and injecting as well as permissive materials for 3D cell culture. 

Physical properties of particle-based hydrogels are governed in part by contact forces 

between particles, which are limited to interactions with neighboring particles. Secondary 

annealing mechanisms are often used to increase mechanical properties and serve to 

link particles across the granular material volume. Here, we present a novel particle-

based hydrogel where each “particle” is a discrete electrospun hydrogel microfiber that 

has been segmented to a length of 93 ± 51 𝜇m, with a diameter of 1.6 ± 0.3 𝜇m. The 

fibers are flexible and have aspect ratios that are greater than one order of magnitude 

larger than most traditional hydrogel microparticles. This enables long-range 

entanglements of discrete fibers following packing into a bulk material, yielding unique 

properties. Without crosslinking, these packed hydrogel microfiber materials are 

mechanically robust, they can stretch without breaking when strained, and they exhibit 

stress relaxation under constant strain. As a cell culture scaffold, shear-induced alignment 

of the individual fibers within 3D printed filaments confers contact guidance cues to cells 

and promotes anisotropic cellular morphologies. Packed hydrogel microfibers can also 

be used as 3D cell culture environments, with cells able to spread due to the permissive 

nature of the scaffold. Overall, this work introduces a particle-based material system 
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comprised of individual hydrogel microfibers that allows unique properties to be 

engineered into biomaterials that might be used in extrusion processes and cell cultures 

and, ultimately, in tissue engineering and regenerative medicine applications. 
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5.2. Introduction 

In recent years, granular hydrogels – which are hydrogel materials comprised 

largely of discrete hydrogel microparticles (HMPs) held in place by particle-particle 

contact forces and, often, engineered interparticle interactions – have received increasing 

attention in biomaterials research1. Granular hydrogels are attractive for reasons that 

include properties that enable injection delivery as well as control over mechanics and 

degree of porosity2–4. Discrete HMPs, often spherical particles formed through 

microfluidic or emulsion approaches (on the order of 101-102 𝜇m in diameter)1,5, are 

packed to yield a macroscale construct held together by physical (e.g., contact)6 or 

chemical (e.g., covalent)7 interactions, or both. Physical interactions are commonly 

introduced through packing of individual HMPs via centrifugation or vacuum filtration 

where interstitial fluid between the particles is largely removed1,5. This places HMPs in 

direct physical contact where particle-particle contact interactions determine mechanical 

properties of the granular hydrogel as a whole8,9. These purely physical interparticle 

forces allow for the granular hydrogel to be stable at rest, but individual particles will begin 

to slide and flow when a force is applied that overwhelms contact interactions in the 

system (e.g., during extrusion)6,10–12.  

Chemical crosslinking, or annealing, between particles can improve mechanical 

stability in granular hydrogel systems13–15. Annealing can be employ covalent2 or 

supramolecular16 crosslinks between reactive moieties on the surface of discrete particles 

to stabilize the granular hydrogel. In injection applications into a tissue defect or wound, 

this stabilization has enabled a class of granular hydrogels known as microporous 

annealed particle (MAP) scaffolds to serve as injectable tissue regeneration platforms. 
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There has been considerable work tuning HMP properties, and therefore granular 

hydrogel behaviors, by varying crosslinking and secondary annealing mechanisms, 

introducing degradability, and using HMPs to deliver bioactive molecules post-

delivery7,12–18. This degree of specificity over individual particles allows for engineered 

modularity19 and control over physical and chemical heterogeneity in granular hydrogel 

materials. 

Advanced strategies to tune the biomimicry of individual HMPs are largely 

predicated on spherical particles (aspect ratio ~ 1). Shifting away from spheres, studies 

leveraging particles with increased aspect ratios have elucidated some unique 

characteristics when assembled together into granular hydrogel scaffolds. For example, 

rod-shaped HMPs (aspect ratios ranging from ~ 2-20) enable larger, more interconnected 

pores throughout the scaffold, which facilitate greater cell migration and infiltration20,21. 

Increasing the size of HMPs while conserving the higher aspect ratios, leads to long, 

flexible hydrogel strands that can align and entangle when assembled into a granular 

hydrogel22,23 – offering interactions at increased length scales compared to other, lower 

aspect ratio HMPs. These entanglements are useful for extrusion mechanisms23–25 (e.g., 

injection and 3D printing) and also enable increased granular hydrogel structural fidelity 

without secondary annealing23,26. 

Decreasing the diameter of these high aspect ratio strands to sub-cellular length 

scales (~1 𝜇m diameter “fibers”) offers a granular hydrogel platform where cells are able 

to recruit individual fibers and reorganize the structure of the scaffold27. While these have 

been densely assembled and immobilized through designed annealing interactions27–29, 

we sought to develop a materials strategy using dense combinations of hydrogel fibers 
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without secondary annealing mechanisms to yield granular hydrogels with high 

mechanical stability and high degrees of permissivity. To achieve this, we electrospin and 

segment hydrogel microfibers to yield discrete “particles” with sub-cellular length scale 

diameters and high aspect ratios, which are analogous to extracellular matrix (ECM) 

fibrous proteins like collagen30–32. These individual microfiber segments represent the 

“grains” that are packed through centrifugation to form the granular hydrogel scaffold – 

hereafter denoted as packed hydrogel microfiber (PHM) scaffolds. Herein, we 

demonstrate that PHM scaffolds allow the design of materials which are strain yielding 

and while exhibiting unique stretching properties. Furthermore, we show that these 

materials dissipate stress in response to applied strains similar to biological materials and 

maintain their mechanics with increasing interstitial fluid within the system (i.e., 

decreasing packing density). Finally, we show that PHM scaffolds can influence cell 

behaviors through topographical cues, which can be dictated via extrusion and 

bioprinting, as well as through their unique physical properties as 3D, permissive cell 

culture scaffolds. 

 

5.3. Materials and Methods 

All reagents were purchased from Millipore Sigma, unless otherwise stated. 

 

5.3.1. Methacrylated hyaluronic acid (MeHA) synthesis 

Hyaluronic acid (HA) was functionalized with methacrylates as previously 

discussed33. Briefly, sodium hyaluronate (Lifecore, 60 kDa) was dissolved in deionized 

water at 2% w/v. While maintaining the solution at a pH of ~ 8.5-9, methacrylic anhydride 
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(Sigma Aldrich, 4.83 mL per g HA) was added dropwise to the solution. The reaction 

mixture was maintained at a pH of 8.5-9 for 6 h on ice, then continued to react at room 

temperature overnight. The reaction was dialyzed against deionized water (SpectraPor, 

6-8 kDa molecular weight cutoff) at room temperature for 5 days, then frozen and 

lyophilized to dryness. The final methacrylate functionalization was 100% by 

quantification with 1H NMR (500 MHz Varian Inova 500) (Figure S5.1). 

 

5.3.2. Electrospinning MeHA microfibers 

To electrospin MeHA, solutions consisting of 3% w/v MeHA, 2.5% w/v polyethylene 

oxide (900 kDa), and 0.05% w/v 2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone 

(HHMP) were mixed overnight in DI H2O. To fluorescently tag microfibers for 

characterization and visualization, 0.4% w/v fluorescein isothiocyanate-dextran (FITC-

dextran) was included in the electrospinning solution. The MeHA solution was extruded 

through a 16-gauge needle at a rate of 0.5 ml h-1 with an applied voltage of 12-14 kV. 

Microfibers were collected on a negatively charged (-4 kV) rotating mandrel (DOXA 

Microfluidics) moving at a linear velocity of 10 m s-1. Fiber batches were collected for 1 h 

before a 2 min UV crosslinking step (365 nm, 5 mW cm-2, VWR UV Crosslinker) to 

stabilize fibers for subsequent segmentation steps.  

 

5.3.3. Preparation of PHMs 

Fibers were hydrated in PBS for at least 1 h and then comminuted through a series 

of extrusion steps to yield small fiber segments. Beginning with a 16-gauge needle, the 

fiber solution was passed up and down the needle 25x to preliminarily break up the fibers. 



186 

 

This process was repeated with an 18-gauge needle, and finally a 20-gauge needle to 

yield the final fiber segments. The resulting solution was then centrifuged, the supernatant 

was discarded to remove the PEO and unreacted HHMP, and the fibers were 

resuspended in a known volume of PBS to yield a stock concentration of 10% v/v. Fiber 

stock solutions were stored at 4 °C until further use. Fluorescently tagged MeHA fibers 

were diluted and imaged on a Leica DMi8 widefield fluorescence microscope to 

characterize fiber diameter and length (n>150 fibers) post-segmentation. 

For cell culture assays, fibers were functionalized with a fibronectin-mimetic Arg-

Gly-Asp (RGD)-containing adhesive peptide (GCGYGRGDSPG, Genscript) via the thiol-

Michael addition reaction to promote integrin-mediated cellular interactions in the scaffold. 

Briefly, fibers were suspended at 10% v/v in the presence of 1 mM RGD, the pH of the 

solution was elevated to 8 using triethanolamine and allowed to react for 2 h at 37 °C. 

Fiber solutions were centrifuged and resuspended in PBS thrice to removed unreacted 

molecules prior to packing. 

Fiber solutions were packed (condensed into a minimal volume with minimal 

solvent between the fibers) via centrifugation at 10,000 RCF for 10 min, with all remaining 

supernatant decanted to yield the shear-thinning and self-healing PHMs used within this 

work. PHMs were either used as is (denoted as PHM-100), or further diluted with known 

volumes of PBS to yield 90% v/v and 80% v/v (denoted as PHM-90 and PHM-80) relative 

to the original packing density to increase interstitial space between fibers. 
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5.3.4. Preparation of crosslinkable PHMs 

For low crosslinking, fibers were treated with 250 mM cysteamine at pH 8 for 2 h 

at 37 °C to quench most pendant methacrylate groups and prevent significant 

crosslinking. For high crosslinking, the fibers were treated with 1 mM cysteamine at pH 8 

for 2 h at 37 °C to mimic the RGD addition scheme, while leaving most pendant 

methacrylates free. Crosslinked fiber scaffolds were prepared by suspending the fiber 

segments at 10% v/v in a 0.1% w/v HHMP solution, packed via centrifugation as 

previously described, handled for the experiment (e.g., rheology or extrusion), then 

treated with 2 min of UV light at 5 mW cm-2 to induce crosslinking of the unquenched 

methacrylate groups.  

 

5.3.5. Oscillatory rheological characterization 

Mechanical properties of PHMs were determined via rheological measurements 

(Anton Paar MCR 302 rheometer) using a 25 mm parallel plate geometry, a solvent trap, 

and a gap height of 200 𝜇m. Shear-thinning and self-healing properties were determined 

using oscillatory time sweeps that cyclically changed between low strain (1%) and high 

strain (250%) at 1 Hz. To assess the ink/support properties of PHMs for extrusion-based 

printing applications, strain sweeps (0.01-250%, 1 Hz) were conducted to elucidate yield 

strains (%). Rheological measurements were conducted in triplicate. Shear recovery for 

each dilution was analyzed using a paired T-test and dilutions compared against each 

other were assessed using a one-way ANOVA coupled with a Tukey HSD post-hoc test 

to determine statistical significance.  
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For characterization of PHM viscoelasticity, time sweeps were utilized to quantify 

storage and loss moduli. To assess the ability of PHMs to stress relax, a constant 15% 

strain was applied to the system and the resultant shear stress was recorded over time. 

Stress relaxation plots were smoothed using an exponential smoothing algorithm for 

clean presentation. For low and high crosslinkable scaffolds, the samples were irradiated 

for 2 min at 5 mW cm-2 before conducting the rest of the rheological measurements. Time 

sweeps for UV crosslinking of PHMs are shown in Figure S5.4. Viscoelasticity rheological 

assessments were conducted in duplicate, with representative data shown. 

 

5.3.6. Extensional rheological characterization of PHMs 

Extensibility of PHMs was determined via a modified filament stretching 

extensional rheology protocol34 (FiSER, Anton Paar MCR 302 rheometer) using a 25 mm 

parallel plate geometry. Briefly, 500 𝜇l of PHM scaffold was added to the rheometer stage 

and the gap height was lowered to 1 mm. A vertical strain rate of 𝜖̇ = 1.2 s-1 was applied, 

and the normal force was tracked as the geometry height was increased. Filament failure 

was determined at the point where the material completely broke, and the height of failure 

was utilized to quantify the overall percentage stretch to failure relative to the original 

height. FiSER experiments were conducted in triplicate, and statistical significance was 

evaluated using a one-way ANOVA coupled with a Tukey HSD post-hoc test. 

 

5.3.7. Extrusion printing of PHMs 

A FELIX BIOprinter was used for all controlled extrusion of PHMs, and PHM-100 

was utilized as the ink due to its robust mechanical properties compared to other dilutions. 
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Inks were loaded into 1 ml syringes (BD) equipped with a 22 G needle via centrifugation 

at 200 RCF for 1 min to ensure all air bubbles were removed prior to printing. Printer 

workflows were written using G-code commands that were actuated through the FELIX 

BIOprinter’s software interface. Targeting filaments with 500 𝜇m diameter, macroscale 

properties were determined by manipulation of the filament, and microscale properties 

were determined by printing PHM-100 on glass coverslips. For printed filaments used in 

cell culture, the glass coverslips were first modified to present methacrylate groups based 

on a previously described protocol35 to allow for covalent conjugation of the filament to 

the coverslip. Videos of extrusion printing are included in Figures S5.7-S5.8. 

 

5.3.8. Cell culture 

Immortalized murine myoblasts (C2C12s, ATCC) were used for cell culture 

experiments (passages 6-7). Cells were cultured in standard growth media comprised of 

high glucose Dulbeccos’s Modified Eagle’s Medium (DMEM), 10% v/v fetal bovine serum 

(Gibco), and 1% v/v antibiotic/antimycotic (Gibco). Media was changed every 2 days 

during expansion and experiments.  

For experiments with cells seeded atop printed filaments, the crosslinked scaffolds 

were first sterilized via irradiation with germicidal light for 2 h. Scaffolds were then 

hydrated in complete growth media for 1 h prior to seeding cells at a density of 1 x 105 

cells per scaffold. Cells were cultured for 2 d prior to fixing and staining for analysis. For 

experiments with cells seeded within fibers as a support, fiber solutions (10% v/v in PBS) 

were sterilized under germicidal light for 2 h, packed via centrifugation, and the PBS 

supernatant was exchanged with sterile C2C12 growth media for at least 2 h prior to 
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packing for cell experiments. PHM-100 was prepared as described above and C2C12s 

were gently mixed into PHMs at a density of 1 x 107 cells/ml and cultured for 1 d in a 

PDMS mold prior to fixing and staining.  

 

5.3.9. Cell staining 

Prior to cell staining, C2C12s seeded on printed filaments were fixed in 10% v/v 

neutral buffered formalin for 15 min, permeabilized in 0.1% v/v Triton X-100 for 10 min, 

then blocked with 3% w/v bovine serum albumin for 2 h at room temperature. Cells were 

incubated with AlexaFluor-488 phalloidin for 1 h to visualize F-actin (1:600, Invitrogen). 

Samples were washed thrice in PBS to remove unbound molecules.  

 A similar protocol was utilized for experiments with C2C12s in PHMs supports. 

Cells were fixed for 1 h, permeabilized for 1 h, and blocked for 2 h using the same solution 

concentrations prior to tagging F-actin with AlexaFluor-488 phalloidin (1:200) for 2 h. 

Again, samples were washed in PBS thrice to remove unbound fluorophore.  

 

5.3.10. Microscopy and image analysis 

Fluorescence microscopy for fiber segmentation and printed filament analysis was 

conducted on a Leica DMi8 widefield fluorescent microscope. For cell imaging on 

filaments or within supports, a Leica Stellaris Confocal microscope was utilized to image 

Z-stacks, with representative maximum projections shown here. Fiber length, diameter, 

and directionality, as well as cell orientation and area were all quantified using built-in 

ImageJ functionalities.  
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5.4. Results and Discussion 

5.4.1. Preparing packed hydrogel microfiber scaffolds 

Packed hydrogel microfibers were fabricated from electrospun methacrylated 

hyaluronic acid (MeHA), which has demonstrated biocompatibility36,37 and been 

previously used in electrospinning38,39 (1H NMR spectrum confirming MeHA synthesis 

shown in Figure S5.1). Electrospun MeHA fibers were designed to model endogenous 

ECMs both through the  use of a material based on the native glycosaminoglycan, 

hyaluronic acid (HA), and its subsequent processing into hydrogel microfibers that mimic 

the natural protein fibers in the ECM40–43. Methacrylation enabled photomediated 

crosslinking to stabilize the fibers prior to hydration (Figure 5.1A) and, through reactive 

methacrylates that remain after photocrosslinking, coupling of the fibronectin-mimetic 

Arg-Gly-Asp (RGD) adhesive motif through a Michael addition reaction to a cysteine 

residue incorporated into the RGD-containing peptide44.  

To create segmented microfibers that can be packed together to form PHMs, 

crosslinked MeHA fibers were hydrated then segmented via a series of triturations 

through needles of decreasing inner diameter (16 G, 18 G, and 20 G)27,28,45. The resultant 

fiber segments (Figure 5.1B) were 1.6 ± 0.3 𝜇m in diameter and 93 ± 51 𝜇m in length 

(Figures 5.1C and S5.2). After packing the suspension of discrete fibers by 

centrifugation, they behaved as a bulk solid at rest (Figure 5.1D), similar to conventional 

granular hydrogels. Compared to granular materials based on spherical particles, the high 

length:diameter aspect ratio of the microfibers in a PHM scaffold allows for unique long-

range entanglements. These long-range interactions allow for dilution of the “fully packed” 

scaffolds to increase inter-fiber fluid content and provide more space between individual 
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fiber segments. Here, we define the “fully packed” scaffolds as consisting of 100% v/v of 

the material recovered from centrifugation. The fully packed material, hereafter referred 

to as “PHM-100”, can be further diluted with known volumes of PBS to 90% v/v and 80% 

v/v, referred to as “PHM-90” and “PHM-80”, respectively (shown in Figure 5.1E). 

 

 

 

Figure 5.1. Fabrication of packed hydrogel microfiber-based hydrogel scaffolds. (A) 
Dry MeHA fibers containing a fluorophore for visualization immediately following the 
electrospinning and crosslinking processes. (B) Trituration yields fiber segments in 
solution that are (C) on the order of ~100 µm in length, with diameters on the order of ~1 
µm.  (D) Packing via centrifugation at 10,000 RCF for 10 minutes yields a packed hydrogel 
microfiber scaffold that behaves as a bulk solid at rest. (E) Schematic illustrating how 
PHM-100, PHM-90, and PHM-80 scaffolds were assembled, where more PBS added 
increases the inter-fiber fluid content while conserving total hydrogel microfiber content in 
each sample. Scalebars (A-B) = 100 𝜇m and (C) = 1 cm. 
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5.4.2. Mechanical Characterization of PHMs 

PHM-100, PHM-90, and PHM-80 all exhibit characteristics that are important for 

particle-based hydrogels used for extrusion processes or in cell culture systems. Shear-

thinning and self-healing were evidenced in all dilutions via oscillatory shear rheology 

(Figure 5.2A) through repeated cycling between low (1%) and high (250%) strains. In 

contrast to granular hydrogels based on spherical particles6,46,  the storage modulus 

recovered after removal of the high strain from the system was reduced (~60-70%) in all 

groups (Figure 5.2B). This reduction was statistically significant and observed between 

the first and second low-strain regimes, with no statistical significance in the percentage 

drop in modulus across dilutions. We attribute this PHM behavior to rearrangements of 

microfibers during rheometric analysis. After initial packing via centrifugation, the 

organization of the segmented fibers is likely maximumly entangled through random 

organization, giving rise to the initial mechanical properties of the scaffold. During the 

high-strain regimes, this organization is disrupted, and a portion of the long-range 

entanglements is irreversibly lost.  

As in other granular hydrogel and shear thinning systems, the ability to convert 

from a solid to liquid-like state above a yield strain (defined as the crossover point 

between G’ and G” in a strain sweep17, Figure 5.2C) allows the solid-like material to be 

injected or extruded. The 136% yield strain (Figure 5.2D) for the 100% v/v group (PHM-

100) is notably larger than other granular hydrogel systems20. Diluted fiber density in the 

PHM-90 and PHM-80 groups yielded statistically decreased yield strains of 56% and 
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57%, respectively, which is consistent with yield strains of other reported granular 

hydrogel systems20. These data indicate that all test groups are shear-thinning and self-

healing, with yield strains generally in ranges characteristic of granular hydrogels used in 

extrusion processes. Furthermore, increased yield strains are possible in PHM 

formulations, which indicate the potential for enhancing the stability of particle-based 

hydrogels through dense fiber-based formulations.  

 

Figure 5.2. Rheological characterization of packed hydrogel microfiber-based 
scaffolds. (A) Cyclical application of high (250%, shaded regions) and low (1%) strains 
demonstrates shear-thinning and self-healing properties of PHM-100 (PHM-90 and PHM-
80 shown in Figure S5.3). (B) Quantification of recovery after strain shows that PHM 
scaffolds recover ~60-70% of their initial modulus prior to the addition of high strain – 
suggesting that organization of discrete fibers influences overall mechanical properties. 
(C) Amplitude sweep for PHM-100 demonstrates shear-yielding properties of this group 
with (D) yield strains for diluted groups (PHM-90 and PHM-80 rheological data shown in 
Figure S5.3) significantly less than PHM-100. * p < 0.05; ** p < 0.01.  
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5.4.3. Evaluating the extensibility of PHM scaffolds 

Anticipating that long-range interactions between microfibers in PHM scaffolds 

resulting from their high aspect ratios would offer unique bulk properties, we next 

examined the extensibility of the PHM-based materials. We conducted a modified version 

of filament stretching extensional rheology (FiSER)47, in which a material can be stretched 

as a filament, allowing strain to failure to be observed as a measure of material 

extensibility or stretchability. We hypothesized that discrete fibers within the filament 

would participate in interactions at extended length scales compared to conventional 

granular materials, thus resulting in highly extensible PHM materials when stretched. 

Compared to spherical particle interactions, which would be restricted to engagements 

with a limited number of neighboring particles1, we expected that a PHM scaffold would 

stretch more and appear less brittle as a bulk than a conventional granular hydrogel. 

In modified FiSER testing, all groups of PHMs exhibited strain-to-break values of 

2000-2500% (Figure 5.3A), indicating fibers maintain filament-stabilizing interactions in 

response to stretching. Notably, while PHM-100 exhibited the highest degree of 

stretchability (~2500%), there was no statistical difference between the groups. In these 

measurements, the normal forces sustained by the filaments during extension (Figure 

5.3B) were observed to decrease with respect to hydrogel microfiber density. These 

observations combine to suggest that the extensibility of a PHM scaffold is dictated by 

fiber geometry, while the density of fiber-fiber interactions (i.e., the combination of 

entanglements and surface-surface interactions) drives the forces that can be sustained 

during stretching. Correspondingly, the normal force profiles for each group exhibit the 

same trend as they are stretched to failure, which occurs at % strains that exhibit no 
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statistical difference. We believe this extensibility (visualized during testing of PHM-100 

in Figure 5.3C) is unique among particle-based hydrogels where there is no dissolved 

polymer between particles, and that it is driven by enhanced interactions among the 

discrete elements of the bulk material that result from the high-aspect ratios of the 

individual fibers in the PHM scaffold. 

Figure 5.3. Modified FiSER characterizes extensibility of packed hydrogel 
microfiber scaffolds. (A) Percentage stretch to failure of PHM-100, PHM-90, and PHM-
80 filaments indicates that all groups can stretch vertically to greater than 2000% of their 
original height with no statistical significance between groups. (B) Representative trends 
of normal force for each dilution (normalized to PHM-100) illustrates that although 
percentage stretch to failure is similar for all groups, the original normal force (indicated 
by filled circles at 0%) decreases as dilution increases. However, normal forces exhibit 
similar trends once the stretching begins. Dashed lines correspond to the average % 
stretch to failure values from A. (C) Representative images of PHM-100 being stretched 
using the modified FiSER setup. Scalebar (C) = 1 cm. 
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5.4.4. Characterizing viscoelasticity and stress relaxation of PHM scaffolds 

Given observation of these dynamic behaviors of PHM hydrogels, we were 

interested in further characterizing their viscoelasticity and stress relaxation to determine 

whether they might offer new properties as cell and tissue culture scaffolds. Endogenous 

tissue exhibits a host of complex, time-dependent mechanical properties that are difficult 

to recapitulate in traditional hydrogel materials48–50. For example, ECM structural 

components like collagen fibers present in many native tissue microenvironments enable 

the dissipation of stress over time, thereby contributing to nonlinear viscoelasticity 

profiles51. Inspired by this and other long-standing observations of the similarities between 

the geometries of electrospun fibers and ECM fibrous proteins30, we hypothesized that 

noncovalent interactions between individual fibers in 3D PHM materials would allow 

effective mimicking of the stress relaxation of native ECM in a synthetic system. As noted 

above, the previous characterization experiments suggested the ability of fibers within the 

PHM hydrogels to interact at rest but slide past each other and reorganize to dissipate 

forces applied to the materials. 

To assess PHM scaffold viscoelasticity for comparison to biological tissues and 

materials48, we measured the loss modulus (i.e., viscous component, G”) versus storage 

modulus (i.e., elastic component, G’) from rheometric time sweeps (Figure 5.4A). All 

PHM formulations exhibited relatively soft bulk storage moduli – ranging from ~50 Pa for 

PHM-80 to ~150 Pa for PHM-100, despite individual hydrogel microfibers having moduli 

many orders of magnitude greater than bulk fiber-based scaffolds39. Additionally, all 

groups demonstrated viscoelastic behavior with their storage moduli approximately 5x 

their loss moduli (grey dashed line in Figure 5.4A illustrates where 𝐺′ = 5 × 𝐺′′). 
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Importantly, endogenous tissue typically possesses a higher elastic contribution, where 

the storage moduli are typically 10x the loss moduli48. We further postulated that we could 

achieve this 10x target via additional interfiber crosslinking (or annealing) of PHMs. 

To test this, we designed PHMs to have residual methacrylate groups on the 

surfaces of individual microfibers that were not consumed during the initial fiber 

crosslinking process. Utilizing the PHM-100 formulation, we created “High” and “Low” 

crosslinkable fibers, where the “PHM-100 High” group was treated after fiber 

segmentation to remove some reactive methacrylate groups (to mimic RGD modification) 

but had most residual methacrylate groups available for crosslinking. The “PHM-100 Low” 

group was similarly treated after fiber segmentation to eliminate most, but not all, residual 

Figure 5.4. Characterization of viscoelasticity and stress relaxation properties. (A) 
Plot of shear loss modulus versus shear storage modulus of PHMs. Grey dashed line and 
black dashed line represent where G’ is equivalent to 5x G’’ and 10x G”, respectively. 
Non-crosslinked groups reside near the 5x trend, whereas the addition of secondary 
annealing to stabilize the material shifts the viscoelasticity to the 10x trend, which is 
characteristic of many biological tissues48. (B) Plot of stress relaxation tests where a 15% 
constant shear strain was applied to the systems and resultant stress was observed as a 
function of time. All groups exhibit relatively rapid stress relaxation and mimic profiles 
characteristic of viscoelastic solids. PHM-100, PHM-90, and PHM-80 are compared with 
the PHM-100 High group.  
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methacrylate groups on the fibers. Therefore, PHM-100 High could achieve considerable 

annealing during a secondary crosslinking step by inducing methacrylate polymerization. 

Conversely, PHM-100 Low could undergo only a comparatively low degree of secondary 

crosslinking, resulting in reduced interfiber annealing compared to PHM-100 High 

(rheology for the secondary UV-initiated annealing step shown in Figure S5.4).  

We observed in both groups (PHM-100 High and PHM-100 Low) that interfiber 

crosslinking shifted the G’:G’’ ratio towards 10:1 (Figure 5.4A, shaded circles, dashed 

black line represents 𝐺′ = 10 × 𝐺′′). PHM-100 Low exhibited a stark decrease in G” 

coupled with a marginal increase in G’ compared to PHM-100. Interestingly, PHM-100 

High exhibits a slight increase in the loss modulus coupled with a notable increase in the 

storage modulus, which also shifted the viscoelastic moduli toward the 10:1 ratio that 

characterizes many biological tissues. Taken together, these data suggest that the 

degree of secondary crosslinking afforded by available methacrylate groups can be 

utilized to controllably modulate the viscoelasticity of PHM hydrogel systems. 

As previous tests pointed to dynamic responses to applied stress in PHM scaffolds, 

we next sought to evaluate their capacity to undergo stress relaxation. Time-dependent 

stress relaxation is a feature of many biological material systems that is observed to 

critically influence cellular behaviors48,52; however, it is challenging to engineer and 

control stress relaxation in many hydrogel systems. In this analysis, we applied a constant 

shear strain of 15% to the sample and recorded the resultant stress as a function of time 

to assess how the material relaxes in response to the applied strain. Plotted as the 

normalized stress in Figure 5.4B, PHM-100, PHM-90, and PHM-80 all exhibit varying 

degrees of stress relaxation, with increasing relaxation corresponding to increased 
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dilution with PBS. The enhanced relaxation for the diluted groups is attributed to more 

space for fibers to reorganize in response to the applied strain and reduced interactions 

between fibers on a per volume basis. PHM-100 experiences the highest degree of these 

interactions and the most confining interfiber space that slows or prevents fiber movement 

that results in PHM stress relaxation.  

To observe the effects of interfiber crosslinking, we applied the same 15% strain to 

the PHM-100 High group. We observed that PHM-100 High dissipated stress modestly 

(Figure 5.4B). However, the covalent interfiber crosslinking restricted the ability of the 

microfibers to move and thus prevented the material from relaxing to the extent of the 

non-crosslinked groups (Figure 5.4B). Importantly, with respect to recapitulating the 

relaxation time scales of viscoelastic solids, the relaxation profiles of the PHM hydrogels 

began to plateau within 100 s of stress being applied. Through the use of a viscoelastic 

standard linear solid model (Figure S5.5), characteristic relaxation times (𝝉) were 

calculated53. All groups, including the PHM-100 High crosslinked material, exhibited most 

of their stress relaxation within a characteristic time of approximately 5-10 s, indicating 

that PHM systems respond to applied strains rapidly. From these data, we expect these 

non-crosslinked materials to be useful in engineering soft tissue systems in vitro, and in 

engineering both soft and stiffer tissues (via secondary crosslinking) to model 

physiological systems where ~100s and quicker relaxation times are desired. 

 

5.4.5. Extrusion of PHM inks 

As mentioned, the rheological and mechanical properties of PHM materials should 

enable diverse uses in applications where injectable or extrudable biomaterials are 
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desired, including in biomedical applications of 3D printing. We studied the responses to 

extrusion processes using a 3D printer (FELIX BIOPrinter). In controlled extrusions, we 

first printed a 2 cm vertical filament of PHM-100 through a 22 G needle (ID: 0.413 mm). 

This yielded a filament with a diameter of ~0.5 mm (Figure 5.5Ai). Towards observing 

the stability of PHM filament without interfiber crosslinking (a filament stabilized strictly by 

noncovalent interactions), we translated the vertical filament 1 cm horizontally without 

further extrusion (Figure 5.5Aii) and then back to the original position (Figure 5.5Aiii). 

The filament was easily manipulated without breakage. Additionally, the filament 

stretched noticeably as a result of undergoing dynamic stress relaxation when extended 

without extrusion (Figure 5.5Aiii, dashed circle). To further observe the extent to which 

the filament was extensible, the nozzle was moved vertically an additional 2 cm without 

extrusion. We attribute this high degree of extension to the long-range interactions among 

the individual microfibers, which provide additional stability in the filament that would not 

occur with other particle-based systems with smaller aspect ratios. 

Finally, towards demonstrating the remarkable stability of the non-covalently 

annealed PHM filaments, we extruded filaments horizontally across the posts of a 2.5x2.5 

cm inverted table (Figure 5.5B). The resultant filaments were mechanically stable, 

spanning these gaps without breaking while stabilized only by physical interparticle 

interactions. This demonstration of the strength of long-range interactions among 

individual fibers being sufficient to maintain filament integrity at longer scales is an exciting 

feature of the PHMs as a granular hydrogel system. These properties will have value in 
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numerous applications that use extrusion processes, including 3D printing, where 

structural fidelity of printed hydrogel inks remains a central consideration in developing 

new biomaterial inks. 

Figure 5.5. Extrusion of packed hydrogel microfiber inks. (A) (i) PHM-100 was 
extruded at a rate that yields a 2 cm vertical filament that is ~0.5 mm in diameter. (ii) 
Following extrusion, the filament was then manipulated to demonstrate the fidelity of 
PHM-100. The filament was translated 1 cm horizontally before (iii) returning to the 
original horizontal position. The dashed circle highlights filament sagging due to 
stretching. (iv) The filament was finally stretched another 2 cm vertically without breaking. 
(B) Macroscale extrusion of PHM-100 across 4 posts of a 2.5x2.5 cm table without 
secondary crosslinking. These demonstrations highlight the shear-thinning and self-
healing properties that are desired for extrusion printing, with the high extensibility and 
long-range entanglements enabling stretching and filament fidelity at long ranges without 
additional annealing mechanisms. (C) Fluorescent image of the microscale topography 
of a printed filament illustrating shear-induced alignment (white arrow indicating direction 
of printing) of the fibers following extrusion. (D) Quantification of fiber direction indicates 
that a high percentage of fibers are aligned in the direction of shear (0 degrees 
corresponding to the direction of the white arrow). Scalebar (A-B) = 1 cm, (C) = 500 𝜇m. 
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In addition to observing these macroscale characteristics of extruded filaments, we 

were interested in the effects of extrusion processing on the PHM filaments at the 

microscale, in particular the organization of the fibers after extrusion. From our previous 

rheological studies, we concluded that the organization of fibers within PHM scaffolds 

drives mechanical properties but can be influenced by high shear. Therefore, we 

hypothesized that the shear introduced by the extrusion process might disrupt fiber 

orientation and induce anisotropic alignment in the direction of shear. To assess this, we 

mixed nonfluorescent fibers with fluorophore-tagged fibers at a 10:1 ratio to enable 

visualization of the extruded material, and printed PHM-100 onto glass coverslips. Indeed, 

fibers aligned in the direction of the applied shear (Figure 5.5C-D). This result follows 

previously demonstrated shear-induced alignment of fibers embedded in bulk gels by 

Prendergast and coworkers45, as well as alignment demonstrated by Kessel et al. using 

hydrogel microstrands23 and Sather et al. utilizing self-assembled supramolecular 

nanofibers54. However, in the PHM materials used here, which consisted entirely of 

electrospun fibers with diameters on the order of 1 𝜇m, there was a unique opportunity to 

directly control the surface topography to direct cell behaviors. The importance of 

microscale topography and contact guidance on cellular behaviors has been well studied 

and characterized55–58, and the ability to dictate surface topography via extrusion using 

PHMs is an exciting opportunity to extend work using electrospun hydrogel fibers. 
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5.4.6. PHM scaffolds support 2D and 3D cell culture 

Given the potential to use PHM materials in bioprinting to create materials with 

specified surface anisotropies and to design permissive 3D environments using PHMs, 

we next sought to examine cellular responses to these materials. To assess whether fiber 

alignment in filaments would provide microscale topographical cues to cells that 

interacted with these materials, we printed a PHM biomaterial ink and seeded cells onto 

it. We extruded PHM-100 with 1 mM RGD (analogous to PHM-100 High) that could 

undergo a secondary interfiber crosslinking onto glass coverslips and then irradiated with 

light to stabilize the filament through secondary crosslinking. Immortalized murine 

myoblasts (C2C12s), which are known to respond to alignment cues55, were seeded atop 

the crosslinked PHM-100 filament (Figure 5.6A). Following a 2 d culture period, 

cytoskeletal staining showed that cells aligned with the direction of microfibers in the 

Figure 5.6. Extruded PHM scaffolds influence cell culture. (A) Process schematic for 
extruding PHM-100, crosslinking the individual fibers together to stabilize the filament, 
then seeding C2C12 cells on top of the scaffold. (B) Fluorescent micrograph of C2C12s 
tagged with AlexaFluor-488 phalloidin for visualization of cell alignment. (C) Quantification 
of cell alignment with 0 degrees corresponding to the direction of shear (white arrow). The 
microscale topography of the extruded filament induces alignment of C2C12 cells cultured 
on top of the scaffold. Scalebar (B) = 500 𝜇m. 
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filament (Figure 5.6B-C), indicating that the microscale topography provided contact 

guidance that can influence cellular organization. Because fiber alignment responds to 

changes in needle direction (Figure S5.6), these results suggest the ability to influence 

cell directionality via the needle path during extrusion, with arbitrary 2D topography and 

cell alignment defined by the extrusion printing process when using PHMs as a 

biomaterial ink. 

We next looked at how cells within a 3D PHM-based hydrogel would behave, given 

the dynamic properties measured previously. Since our most fiber-dense formulation 

(PHM-100) is soft and viscoelastic, we postulated that C2C12s would be able to 

reorganize the constituent fibers during proliferation, migration, and interactions with the 

environment. Over short time scales, we expected to see cell spreading within these 

materials as opposed to rounded morphologies typical of cells in 3D hydrogels that are 

not permissive59,60. To investigate this, C2C12s were gently mixed with PHM-100 which 

would undergo no interfiber crosslinking, in order to maintain the dynamic properties 

observed in previous experimentation. The C2C12+ PHM-100 was then placed into a 

PDMS mold and covered with 100 𝜇m pore filter paper to prevent PHM-100 from 

disassociating in culture media (Figure 5.7A). After 1 d in culture, cytoskeletal staining 

showed that C2C12s were able to spread freely in PHM-100 (Figure 5.7B), with a wide 

range of projected cell areas, along with a loss of circularity (cell shape index) that would 

be expected in a covalently crosslinked hydrogel quantified in Figure 5.7C-D. 
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Our observations suggest that PHM-100, even absent interfiber crosslinking, 

supports 3D cellular activity. The cell spreading observed was in our most fiber-dense 

formulation, suggesting that PHMs yield in response to cells’ movements and impose 

minimal spatial restrictions on the cells. We believe that because the microfiber elements 

of the material are soft and have diameters on the order of 1 µm, they might be uniquely 

permissive to cellular activity. In comparison to larger spherical particles used in other 

granular materials, whose diameters are on the order of 101-102𝜇m, PHMs may present 

an alternative physical environment to the cells incorporated into them in vitro or with cells 

that engage with them when applied in vivo. We postulate that opportunities to reorganize 

and move throughout 3D space exist in PHM-type systems that might be less accessible 

in granular materials with larger particle diameters, where particle movement in response 

to cellular activity would be limited, resulting in cells negotiating the surfaces of the 

particles and the spaces in between. PHMs offer exciting new opportunities within 

particle-based materials through their presentation of robust bulk properties emerging 

Figure 5.7. PHM scaffolds support 3D cell culture. (A) Process schematic for culturing 
C2C12 cells within a PHM-100 support using PDMS wells to contain the scaffolds. (B) 
C2C12s stained with AlexaFluor-488 phalloidin (1 d) spreading in the non-crosslinked 
PHM-100 scaffold. (C-D) Quantification of projected cell area and cell shape index reveal 
ranges of cell spreading and circularity, further supporting the permissivity of PHMs at 
short timescales. Scalebar (B) = 100 𝜇m. 
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from a microenvironment comprised of individual fibers that cells can readily interrogate, 

reorganize, and migrate around. 

 

5.5. Conclusions and Future Outlook 

In summary, we have developed a new class of particle-based hydrogels 

comprised solely of discrete electrospun microfibers. Packed hydrogel microfiber 

scaffolds (PHMs) are shear-thinning and self-healing, with strain yielding responses that 

will enable application in extrusion or injection processes. The high-aspect ratios of the 

fibers and long-range entanglements provide physical interactions in PHMs that result in 

robust materials that behave elastically as a bulk below a yield strain. These interactions 

also enable high degrees of extensibility in packed scaffolds. PHMs can be stretched to 

greater than 2000% of their original height; a phenomenon that is conserved across PHM 

scaffolds during dilution. PHM scaffolds are also viscoelastic and quickly (~10 s) dissipate 

stresses applied to them. Macroscale extrusion printing demonstrates filament fidelity and 

robust stability, even without secondary crosslinking to stabilize filaments. Shear-induced 

alignment of component microfibers during extrusion can be leveraged to direct cellular 

alignment when seeded on top of printed filaments. Cells seeded within these materials 

– or potentially infiltrating into these materials – experience permissive, 3D environments 

that they can interrogate and possibly remodel during migration and proliferation. 

We envision this novel packed hydrogel microfiber system will provide an exciting 

new avenue for designing granular hydrogel media. The flexibility afforded by the PHM 

preparation process coupled with the ability to tailor individual fibers that comprise the 
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bulk scaffold will enable new approaches to engineering synthetic models of the ECM in 

vitro and new opportunities for engineering implantable biomaterials. 
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5.7. Supplementary Figures 

 

Figure S5.1. Methacrylate-functionalized hyaluronic acid (MeHA) 1H NMR spectrum. 
The resultant NMR spectrum is normalized to the 10 hydrogens on the standard HA 
backbone (~3.0-4.0 ppm), and the degree of modification is determined based on the 
integral of the peaks corresponding to the methacrylate groups (~5.5-6.25 ppm). The 
above spectrum illustrates a modification of ~100%. 
 

 
Figure S5.2. Quantification of fiber length and diameter. (A) Segmented fiber length 
was determined to be 93 ± 51 𝜇m. (B) Segmented fiber diameter was determined to be 

1.6 ± 0.3 𝜇m. Fluorescent images of fiber solutions were utilized to quantify fiber 
segments. 
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Figure S5.3. Rheological characterization of PHM-90 (A-B) and PHM-80 (C-D). (A, C) 
Shear-thinning and self-healing properties of PHM-90 and PHM-80, respectively. While 
modulus values are decreased compared to PHM-100, the trends are starkly similar, 
regardless of dilution. (B, D) Amplitude sweeps illustrate strain yielding properties of these 
diluted PHMs, with yield-strains significantly decreased compared to PHM-100 (shown in 
Figure 5.2, main text).  
 

 



211 

 

 
Figure S5.4. UV crosslinking of PHM-100 High and PHM-100 Low. Representative 
time sweeps including a UV cure step (shaded region). PHM-100 High, which has the 
most methacrylate groups available for crosslinking, exhibits a noticeable increase in 
storage modulus compared to the original pre-crosslinked state and the crosslinked PHM-
100 Low as well. Importantly, both groups demonstrate a larger difference between their 
respective storage and loss moduli following the secondary crosslinking, which yields G’ 
values that are ~10x the G” values.  
 

 

Figure S5.5. Modeling stress relaxation with a viscoelastic standard linear solid 
(SLS) model. Stress relaxation profiles of PHM-100, PHM-90, PHM-80, and PHM-100 
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High (solid lines) with corresponding SLS models (dashed lines). Representative 
relaxation time constants (𝜏) are shown adjacent to each group.  

 
The stress relaxation profiles of PHMs exhibit behaviors similar to viscoelastic 

solids. Interestingly, work by Wingert and coworkers53 demonstrated that Nylon-11 
nanofiber meshes dissipated stress similarly to PHMs, albeit at much longer time scales 
(on the order of minutes). Therefore, we leverage the same viscoelastic standard linear 
solid (SLS) model to analyze the stress relaxation of PHMs that was utilized to model the 
Nylon-11 fibers. The basic SLS model is shown below as Equation 5.1, and the resultant 
𝜏 values are shown in the figure corresponding to the PHM group. 

 
𝜎(𝑡)

𝜎0
= 𝛽 + (1 − 𝛽) 𝑒𝑥𝑝 (−

𝑡

𝜏
)                                                 (1) 

Where: 
𝜏 = relaxation time constant 

𝛽 = lim
𝑡→∞

𝜎(𝑡)

𝜎0
  

 

 

Figure S5.6. Fiber alignment during extrusion. The individual fiber segments within 
the PHM ink experience shear-induced alignment during extrusion printing processes. 
This microscale topography was demonstrated to provide contact guidance to C2C12 
cells in the main text (Figure 5.6). This fiber alignment continues when the direction of 
extrusion changes. Shown in (A) and expanded in (B), fiber alignment continues with the 
curve as the direction of printing follows the white arrow in (A). It is important to note that 
the depicted filaments contain some aggregates of fibers. Overall, this demonstrated 
control over microscale topography enables the ability to arbitrarily define the surface 
topography of a substrate purely by extrusion design. Scalebars = 500 𝜇m.  
 
 
Video S7. Extrusion manipulation. Video corresponding to the images shown in Figure 
5.5A of the main text. Video playback is 5x original speed. 
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Video S8. Extrusion across table. Video corresponding to the image of extruded 
filament across four corners of a table in Figure 5.5B of the main text. Video playback is 
5x original speed.  
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CHAPTER 6: PACKED HYDROGEL MICROFIBERS WITH TUNABLE STRESS 

RELXATION PROFILES 

 

6.1. Foreword 

This chapter was developed as an extension of Chapter 6 where MeHA microfibers were 

segmented and assembled into packed hydrogel microfibers (PHMs). Herein, we 

describe a MeHA fiber-based PHM analog comprised of segmented polyethylene glycol 

(PEG) microfibers. Notably, utilizing this new material system enabled increased 

throughput of fiber fabrication due to the more favorable performance of PEG in the 

electrospinning process – thus, affording increased scalability compared to MeHA-based 

PHMs. We report on porosity and mechanics of PEG-based PHMs with a particular focus 

on tunability of stress relaxation and compare PHM properties to granular hydrogels 

comprised of spherical particles with matched volume and matched dimension. We 

further demonstrate that PEG-based PHMs offer unique control over mechanics through 

the use of different fiber subpopulations that enable selective annealing of the PHM 

scaffold. Overall, this Chapter aims to introduce an improved PHM system comprised of 

segmented PEG fibers that enables matching of complex extracellular matrix mechanics 

in a previously unrealized manner.  

 

6.2. Abstract 

Viscoelasticity and stress relaxation are critical ECM properties that are known to 

influence cell behaviors, thereby driving the recent emphasis on incorporating these 

complex mechanics into 3D hydrogel culture models. Granular hydrogels are an emerging 

class of 3D scaffolds due to their inherent viscoelasticity, as well as their micro-to-

mesoscale void space within the scaffold, which provides cells with degrees of migratory 
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freedom that are not possible in conventional 3D bulk hydrogels. Traditional hydrogel 

microparticles (HMPs) are often spherical (aspect ratio ~1) and thus restricted to only 

contacting immediately adjacent HMPs. This limited number of interactions between 

particles complicates the ability to tune time-dependent mechanics like stress relaxation 

because particles easily shift past each other in response to strain. In response, we 

describe a system that leverages segmented hydrogel microfibers (aspect ratio ~15) as 

the individual “grains” within the granular hydrogel, which enables these interactions at 

increased length scales compared to their spherical analogs. Our packed hydrogel 

microfiber (PHM) scaffolds exhibit viscoelasticity, shear-thinning and self-healing 

properties, and injectability – like all other classes of granular hydrogels. This increased 

length scale of interaction allows for fibers to entangle and slide past each other, which 

enables tunable stress relaxation profiles (T1/2 ~ 1-100+ s) across a range of applied 

strains (σ ~ 2.5-50%) in a packing density-dependent fashion – behaviors that were not 

seen with spherical particles with matched volume and matched dimension. We also 

demonstrate the ability to selectively anneal a small subset of fibers within the PHMs to 

bolster scaffold mechanics. Taken together, PHMs offer an intriguing alternative to 

traditional granular hydrogels due to their unique mechanics and offer a promising 

solution to engineering complex 3D scaffolds for cell culture applications.  
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6.3. Introduction 

Mechanotransduction of extracellular matrix (ECM) mechanics is widely 

considered to be a critical driver of many fundamental cell behaviors, such as 

proliferation, migration, and differentiation1,2. The components of the ECM are fairly well 

characterized, along with their contribution to overall mechanical properties, thereby 

providing a blueprint of desired characteristics when engineering in vitro models of 

various tissue systems3–6. The most well-described and studied ECM mechanical 

property is its stiffness or elasticity7; however, natural tissue is not purely elastic, with 

viscous contributions (i.e., viscoelasticity) and strain- and stress-dependent behaviors8–

11. These characteristics are exploited by cells within the environment during routine 

processes12. More specifically, cells within the ECM exert protrusion and traction forces 

during migration where they reorganize the ECM and contribute to localized nonlinear 

stiffening of the matrix11–13. Therefore, when developing an in vitro biomaterial system to 

model natural tissue, the resultant scaffold must yield to cell forces to provide an 

environment that recapitulates endogenous complex matrix mechanics.  

Hydrogel-forming biomaterials are widely leveraged to engineer ECM-mimetics 

due to their ability to match many of the biophysical and biochemical attributes of natural 

tissue14,15. While there are numerous proven strategies to directly control hydrogel 

stiffness, these are commonly implemented as 2D tissue culture substrates15,16. Indeed, 

much of the established knowledge surrounding fundamental cellular functions is 

predicated on 2D studies utilizing static hydrogel microenvironments15–17. Due to the 

increased appreciation for the complexity of ECM mechanics in 3D18, there has been a 

shift to developing hydrogels that enable more dynamic microenvironments for use as 3D 
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tissue models17,19–21. Naturally-derived materials like collagen and fibrin offer a simple 

platform for introducing viscoelasticity and stress relaxation into hydrogels8,11,22–24, but 

their low overall modulus frustrates their utility as tunable biomaterials systems1. These 

challenges have inspired a shift towards developing materials systems with advanced 

chemical crosslinking strategies that enable more complex mechanical profiles. 

Engineering controlled viscoelasticity and stress relaxation into hydrogels is perhaps the 

most common strategy for increasing the dynamicity of 3D culture environments, and 

prevalent examples include dynamic guest-host chemistries grafted onto various polymer 

backbones25–28 and physical (ionic) chelation of polymers like alginate10–12,29. When 

coupled with covalent crosslinking mechanisms, these reversible interactions allow for 

increased control over various ECM-mimetic mechanics, providing useful platforms for 

3D cell culture30. Importantly, while these strategies enable a tunable approach to 

engineering viscoelasticity into 3D hydrogel environments, they sometimes require 

intense material design and can be challenging to implement, thus motivating the 

development of other techniques to afford these properties. 

Granular hydrogels are a class of 3D hydrogel environments that allow dynamic 

properties to be introduced into many hydrogel systems via particle-based formulations, 

and there has been considerable work utilizing these materials for 3D cell culture31–33. 

These hydrogel systems are comprised of discrete hydrogel microparticles (HMPs) that 

are packed together and immobilized strictly by contact forces between discrete 

particles31–35, and they enable unique modular design through the combination of different 

particle population36. The micro-to-mesoscale space between the particles enables cells 

to migrate throughout the overall construct in ways that are challenging in bulk 3D 
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hydrogels37–39. While granular hydrogel scaffolds provide a more facilitative environment 

for migratory processes, the ability to tune viscoelasticity and stress relaxation is largely 

governed by the minimal length scale of interactions (i.e., contact forces between 

particles) between individual HMPs compared to the crosslinked polymer chains in bulk 

hydrogels40,41. Interparticle annealing enables force transmission across multiple particles 

rather than restricting interactions to those between immediate neighbors only42; 

however, this often reduces the permissive nature of the scaffold by covalently 

immobilizing particles in place.  

In light of these challenges, we sought to develop a hydrogel system with uniquely 

tunable viscoelasticity and control over time-dependent stress relaxation utilizing 

hydrogel microfibers. Hydrogel microfibers can form a unique granular system, which like 

spherical HMPs, might be formulated with independence from the hydrogel backbone43, 

but unlike spherical HMPs, have increased interparticle interactions between individual 

fibers that influence strain responses and allow stabilization without secondary annealing. 

These interparticle interactions can be defined as both the number of other fibers that a 

single fiber can interact and entangle with, along with the length scale in which these 

interactions occur, afforded by the flexible, high-aspect ratio hydrogel microfibers. Herein, 

we report on a packed hydrogel microfiber (PHM) system comprised of electrospun 

polyethylene glycol (PEG) derivatives that exhibits packing density-mediated 

viscoelasticity and stress relaxation in response to physiologically-relevant forces and 

strains. These behaviors are unique to this new class of granular hydrogels, where 

spherical particles with matched volume and matched dimension (i.e., particle diameter 

~ fiber length) are unable to exhibit similar properties under the same conditions designed 
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for this study. PHMs are soft and tunable, suggesting their utility as 3D in vitro models of 

soft tissue types, with the possibility of selective covalent annealing to increase 

mechanics and model systems with greater stiffnesses.  

 

6.4. Materials and Methods 

All reagents were purchased from Millipore Sigma, unless otherwise stated. 

 

6.4.1. Peptide Synthesis 

 The fluorescent peptide (GCDDD-fluorophore) utilized to visualize microfibers and 

microgels in this study was synthesized with a cysteine residue to permit thiol-ene 

conjugation to residual norbornenes during the fiber- and particle-making processes 

(Liberty Blue automated, microwave-assisted solid phase peptide synthesizer, CEM). The 

peptide was built from C-terminus to N-terminus on Rink amide resin using Fmoc-

protected amino acids (resin and amino acids were sourced from Advanced Chemtech), 

with 5(6)-carboxyfluorescein (FAM, Sigma Aldrich) added last to the N-terminus. The 

resultant peptide was cleaved off the resin using a cocktail of trifluoroacetic acid, 

triisopropylsilane, 2.2’-(ethylenedioxy) diethanethiol (all were sourced from Sigma 

Aldrich), and DI water at a 92.5/2.5/2.5/2.5 mixing ratio, respectively. The freed peptide 

was then isolated via precipitation in cold diethyl ether (Sigma Aldrich), dried under 

vacuum, resuspended in DI water, and lyophilized to yield the final product. Peptide 

synthesis was confirmed using MALDI-TOF spectrometry (Figure S6.1). 
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6.4.2. Electrospinning and segmenting PEGNB microfibers 

To electrospin PEGNB, solutions comprised of 10% w/v PEGNB (20 kDa, JenKem 

Technology), 7% w/v PEGSH (10 kDa, JenKem Technology), 5% polyethylene oxide 

(PEO, 400 kDa, Sigma Aldrich), and 0.05% w/v 2-hydroxy-4’-(2-hydroxyethoxy)-2-

methylpropiophenone (HHMP, Sigma Aldrich) in DI water were mixed overnight. Quantity 

of PEGSH was determined to enable a stoichiometric mismatch between norbornene and 

thiol groups to avail residual norbornenes for coupling with thiolated peptides. 0.5 mM of 

thiolated FAM peptide (GCDDD-FAM) was included in the electrospinning precursor 

solution to enable fluorescent imaging of microfibers for visualization and 

characterization. A second electrospinning solution designed to be co-spun with the 

PEGNB solution comprised of 5% PEO (900 kDa, Sigma Aldrich) in DI water was also 

mixed overnight. This solution was intended to yield sacrificial fibers that would introduce 

space between PEGNB fibers during the electrospinning process, but dissolve away after 

the crosslinking step to prevent welding of PEGNB fibers.  

The PEGNB and sacrificial fiber solutions were both extruded through 16-gauge 

needles positioned 18 cm away from a rotating mandrel collector at rates of 0.4 ml/hr and 

0.5 ml/hr, respectively.  The needles were charged with 11-12 kV for the PEGNB solution 

and 5.5-6.5 kV for the sacrificial fiber solution. The mandrel was charged with -4 kV to 

focus the electrical field and set to rotate at 1000 RPM to align fibers and minimize 

welding. Fiber batches were collected for 1 hr each, crosslinked under nitrogen for 15 min 

at 5 mW/cm2 (VWR UV Crosslinker) to stabilize the PEGNB fibers, then hydrated in PBS 

to hydrate PEGNB fibers while simultaneously dissolving away the sacrificial fibers. Fiber 

batches were hydrated overnight to ensure sufficient swelling of the hydrogel network and 
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removal of undesired components from the electrospinning process (i.e., PEO and 

unreacted photoinitiator).  

Hydrated fiber mats were suspended in PBS at ~10% v/v, segmented via 

homogenization (IKA T25) at 10k RPM for 2 min, and filtered through a 40 𝜇m mesh to 

remove welded fiber aggregates. Final solutions were centrifuged thrice to remove all 

undesired components, and fibers were resuspended at 10% v/v and stored at 4 °C until 

use. Fiber length and diameter were characterized using ridge detection in ImageJ based 

on thresholded confocal images of dilute fiber solutions (BioTek Cytation C10, Agilent 

Technologies).    

For crosslinkable PEGVS fibers, the electrospinning solution was prepared 

similarly to the PEGNB solution, with 10% w/v PEGVS (10 kDa, Jenkem Technology) 

replacing both the PEGNB and PEGSH since PEGVS crosslinks readily with itself without 

a crosslinker molecule. PEGVS was electrospun utilizing the same parameters as 

PEGNB, crosslinked for 5 min at 5 mW/cm2, then subsequently processed using the same 

protocol established for the PEGNB fibers. PEGVS microfiber characterization is included 

in Figure S6.2.  

 

6.4.3. Aqueous two-phase PEGNB hydrogel microparticle synthesis 

 To form PEGNB hydrogel microparticles via aqueous two-phase suspension, 

solutions of dextran from Leuconostoc spp. (70 kDa, dextran(70), Sigma Aldrich) were 

mixed with PEGNB hydrogel precursor solutions at a 4:1 ratio of 

continuous(dextran):disperse(PEGNB) phases. Here, we targeted 2 separate sizes for 

the spherical HMPs: spheres with matched dimension (i.e., particle diameter ~ fiber 
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length) and spheres with matched volume – hereafter “spheres (D)” and “spheres (V)”, 

respectively. For spheres (V), 800 𝜇l of 40% w/v dextran and 0.05% HHMP in DI water 

was mixed with 200 𝜇l of a solution comprised of 6% PEGNB, 4.2% PEGSH, and 0.05% 

HHMP in DI water. 0.5 mM of GCDDD-FAM peptide was included in both phases as well 

when preparing particles for fluorescence imaging. This mixture was vortexed at 

maximum speed for 1 min prior to crosslinking under UV light at 20 mW/cm2 (Omnicure) 

for 5 min. For spheres (D), the continuous dextran phase was modified to 25% w/v and 

the stir rate was reduced to 800 RPM, but all other parameters were conserved compared 

to spheres (V). Following the crosslinking step, the resultant particles were suspended in 

15x volume of PBS to thermodynamically favor a single-phase solution and centrifuged 

twice to remove dextran and other unreacted materials. Spheres (V) and spheres (D) 

were filtered through 20 𝜇m and 40 𝜇m meshes, respectively, and centrifuged once more 

to yield the final particles used within this study. Particles were also stored at 10% v/v in 

4 °C until further use. Similar to fibers, particle size was characterized using ImageJ 

based on thresholded confocal images of dilute particle solutions (BioTek Cytation C10, 

Agilent Technologies).  

 

6.4.4. Forming granular hydrogels 

 Two classes of granular hydrogels were designed for this study: those comprised 

of segmented PEGNB fibers and those comprised of spherical PEGNB microparticles. 

Fibrous granular hydrogels were assembled via centrifugation at 5k, 10k, and 15k RCF 

for 5 min to yield low, medium, and high packing densities, respectively. Spheres (V) and 

spheres (D) were packed at the medium packing density to enable direct comparisons 
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with the fibrous assemblies packed at medium density. Following centrifugation, the 

supernatant was carefully aspirated to avoid disrupting the granular hydrogel and the 

pellet was manipulated using a spatula thereafter.  

 

6.4.5. Granular hydrogel characterization 

 To characterize void space in these granular hydrogel assemblies, fibers and 

spheres were resuspended in 2 mg/ml FITC-dextran (2 MDa) then subsequently 

centrifuged to yield the desired packing density. In this scheme, the fluorescent regions 

represent the void space within the assembly. Packed granular hydrogels were then 

transferred to a 96 well plate and Z-stacks of each sample were acquired at random ROIs 

on a Leica Stellaris 8 confocal microscope. Images were thresholded on ImageJ and void 

space was quantified using the built-in Analyze Particles functionality. Void space was 

determined as the average pixel intensity of the fluorescent regions with respect to the 

total pixel volume of the micrograph for each group. 

 Mechanical properties of granular hydrogel assemblies were assessed via 

oscillatory shear rheology (DHR-3, TA Instruments) using a 20 mm parallel plate 

geometry, a 500 𝜇m gap distance, and a 25 °C testing temperature. Time sweeps (0.5% 

strain, 1 Hz) were utilized to assess viscoelasticity of granular hydrogels. Cyclical addition 

of high and low strains (low: 0.5%, 1 Hz; high: 250%, 1 Hz) were leveraged to demonstrate 

shear recovery. Strain sweeps (0.01%-500% strain) helped elucidate strain yielding and 

critical strain values. Finally, constant application of strain (ranging from 2.5%-50%, 

depending on the trial) was utilized to investigate stress relaxation characteristics of 

granular hydrogel assemblies.  
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For annealed particle systems using varied quantities of PEGVS, the Peltier plate 

base was replaced with a glass base that enables UV curing. Fibrous assemblies were 

resuspended in a 0.05% w/v HHMP solution, centrifuged to yield the medium packing 

density, then transferred to the rheometer. Time sweeps (0.5%, 1 Hz) with UV curing at 5 

mW/cm2 (either 10 s or 120 s, Omnicure) were utilized to assess the crosslinked scaffold 

mechanics, followed by a 15% constant strain to record stress relaxation capabilities of 

partially-annealed scaffolds. Noisy stress relaxation data were smoothed using an 

exponential smoothing algorithm. 

 

6.5. Results and Discussion 

6.5.1. Preparing granular hydrogels 

 The two types of granular hydrogels utilized in this study were both prepared using 

modified polyethylene glycol (PEG) backbone chains. PEG is a hydrophilic polyether that 

is readily modifiable with functional groups for various crosslinking mechanisms44. 

Furthermore, PEG is relatively bioinert – lending itself as a “blank-slate” material that 

offers user-defined tuning of the biochemical profile through the installed reactive 

groups15,45–47. Here, we selected PEG-norbornene (PEGNB) and PEG-thiol (PEGSH) as 

the modified PEG derivatives due to the stoichiometric nature of the photomediated step-

growth thiol-ene click reaction mechanism48–51. This chemical scheme allows for residual 

norbornene groups following the crosslinking process to enable additional thiol-ene 

conjugation of thiol-containing fluorophores and bioactive peptides52. For packed 

hydrogel microfiber scaffolds (PHMs), we utilized segmented electrospun PEGNB 

microfibers as the individual grains (Figure 6.1a-b). As comparisons, spherical hydrogel 
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microparticles were prepared via an aqueous two-phase separation technique53–56 

(ATPS, Figure 6.1d-e) to yield particles with matched dimension (i.e., particle diameter ~ 

fiber length) and matched volume (assuming spherical for particles and cylindrical for 

fibers) – hereafter “spheres (D)” and “spheres (V)”, respectively (Figure 6.1c and 6.1f).  

 Electrospinning is an effective platform for fabricating hydrogel fibers with 

diameters on the order of hundreds of nanometers to single microns57. Here, the 

electrospinning setup was modified such that the resultant hydrated fibers were >1 𝜇m in 

diameter (average diameter = 2.41 𝜇m, Figure 6.1f). Previous methods to segment 

electrospun hydrogel fibers include repeated aspiration and extrusion steps58–61, 

photopatterning62–64, and cryomilling65–67; however, we employed a simple and scalable 

homogenization step where fiber solutions were agitated at 10k RPM for 2 min, then 

filtered to remove aggregates. Following the processing steps, the resultant fibers were 

measured to be approximately 37.3 𝜇m in length (Figure 6.1c). The aspect ratio (L/D) of 

~15 is considerably larger than most hydrogel microparticles used for granular hydrogel 

scaffolds.  
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 In order to compare PHMs to more traditional hydrogel microparticles, PEGNB 

spheres (D) and spheres (V) were produced using an ATPS technique. This process 

leverages PEG-rich and dextran-rich aqueous solutions that are thermodynamically 

immiscible when mixed at high enough concentrations53. A systematic approach to 

determine experimental concentrations of PEGNB/PEGSH and dextran solutions was 

leveraged to form PEGNB hydrogel microparticles (summary of different processing 

variables shown in Figure S6.3-S6.5). Spheres (D) have an average diameter 37.2 𝜇m 

which matches the average length of the electrospun fibers, and spheres (V) have an 

Figure 6.1. Preparation of granular hydrogel units. (a) Electrospun PEGNB fibers 
were crosslinked, hydrated, and homogenized to segment fibers in a fast, scalable 
fashion. (b) Fluorescent micrograph of segmented PEGNB fibers. (c) Quantification of 
fiber and sphere length illustrating matching of fiber and sphere dimension in spheres (D) 
group. (d): Schematic of a binodal curve for PEG and dextran, where two phases occur 
in the regime above the curve. The ATPS system was then mixed to form dispersed 
PEGNB spheres within the continuous dextran phase, the hydrogel microparticles were 
crosslinked, diluted to form a single phase, and finally washed. (f) Quantification of fiber 
and sphere diameter illustrates the disparity in the dimensions between fibers and 
spheres. The aspect ratio of spheres was assumed to be ~1, so length and diameter was 
assumed to be equal for these groups. Scalebars in b and e = 200 𝜇m; n > 300 for all 
groups.  
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average diameter of 6.4 𝜇m which approximately matches the volume of the electrospun 

fibers. Matching these dimensional characteristics of the electrospun fibers allows for 

investigating how the increased aspect ratio of PEGNB fibers affects mechanical 

properties of resultant granular hydrogels when compared to spherical hydrogel 

microparticles.  

 

6.5.2. Influence of particle size and shape on granular hydrogel properties 

 Granular hydrogels were formed via centrifugation-mediating packing at different 

speeds to yield low, medium, and high packing densities – hereafter “Low-Fiber”, “Med-

Fiber”, and “High-Fiber”, respectively. Fibers were packed at all three densities whereas 

spheres (V) and spheres (D) were only packed at the medium density for comparison to 

fibers (“Med-Sphere (V)” and “Med-Sphere (D)”). To investigate differences in porosity of 

the granular hydrogels, particles were packed with high-molecular weight FITC-dextran 

and confocal microscopy was leveraged to visualize the fluorescent signal within pores 

(Figure 6.2a). Consistent with previous findings in other types of granular hydrogel 

systems33,68, increasing packing density of fibers resulted in decreased void space (from 

21% for Low-Fiber to 15% for High-Fiber). Both Med-Sphere (V) and Med-Sphere (D) 

possessed larger quantities of void space in the granular hydrogel (22% and 27%, 

respectively) when compared to the fibers. This is likely due to the small diameters and 

flexibility of the fibers allowing for fibers to fold and fill more void space following 

centrifuge-mediated packing when compared to spheres that maintain their defined shape 

following packing.  
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It is evident that all packing densities for fibers behave like solids at rest as 

illustrated by their storage modulus ranging from ~245-513 Pa (Figure 6.2b). Similarly, 

Med-Sphere (D) exhibit storage moduli values of ~440 Pa, which is consistent with the 

moduli seen with the Med-Fiber group. Conversely, Med-Sphere (V) did not exhibit an 

appreciable storage modulus (< 5 Pa). These results suggest that at the packing densities 

investigated, the characteristic dimension of the fibers and spheres (D) is the main 

contributor to the storage moduli at low strains, with the smaller diameters of spheres (V) 

unable to generate sufficient interparticle contact forces to sustain solid-like behavior. 

Figure 6.2. Particle size and shape influences overall granular hydrogel properties. 
(a) Granular hydrogels following centrifuge-mediated packing exhibit void spaces in both 
a packing density- and particle shape-dependent manner. (b) Storage moduli indicate that 
all groups exhibit solid-like behaviors at low strains, except for Med-Sphere (V) where 
there was no appreciable storage modulus, likely due to insufficient contact forces 
between particles. Generally, increased packing density yielded greater elastic 
contribution in granular hydrogels, with Med-Fiber and Med-Sphere (D) exhibiting similar 
stiffnesses due to similar characteristic dimensions defining the system. 
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Thus, for the rest of the rheological analyses, only spheres (D) were analyzed in parallel 

with fibers. 

A favorable characteristic of granular hydrogels is their ability to be manipulated 

via pipetting or injecting due to their shear-thinning and self-healing behaviors. When 

cycling between low strain (0.5%) and high strain (250%) regimes, all granular hydrogels 

demonstrated shear-thinning and self-healing properties and were able to restore a 

majority of their original mechanics, regardless of particle shape (Figure 6.2c). 

Additionally, all groups of granular hydrogels are shear-yielding (Figure 6.2d-e), with yield 

strains (% strain where G’ <G”) affected in both a packing density- and particle shape-

dependent manner. More specifically, the yield strain (~48%) for the Low-Fiber group 

trended higher than the yield strains for the Med-Fiber and High-Fiber groups (24% and 

26%, respectively). We attribute this phenomenon to the higher interstitial fluid content in 

the Low-Fiber group enabling movement via rearrangement of fibers in response to the 

increasing strain without notable alteration at points of entanglement or interaction. 

Denser networks require yielding at these points of entanglement in order for 

rearrangements to occur, thus they yield and fluidize at lower strains. Conversely, Med-

Sphere (D) exhibited yield strains considerably lower than all fiber groups (~8%). We 

hypothesize that this difference is due to the inability of spherical microparticles to interact 

with more particles besides those immediately adjacent, thus limiting longer-range 

interactions. Alternatively, fibers are able to entangle and interact with many other fibers 

at longer ranges due to their aspect ratios compared to spheres, even if the characteristic 

length of both particle types are consistent (fiber length ~ sphere diameter).  
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6.5.3. Viscoelasticity of granular hydrogels 

 Towards understanding the viscoelastic properties, which are critical to cellular 

responses to their environments1,9,11, we sought to quantify the elastic and viscous 

contributions to the overall mechanics of the granular hydrogels described here using 

oscillatory shear rheology. We hypothesized that the increased interparticle interactions 

afforded by the electrospun fibers would allow for enhanced viscoelasticity over their 

spherical counterparts – due to the ability of the fibers to slide and reorganize their 

numerous interactions compared to spheres shifting past each other in response to 

applied strains (schematic in Figure 6.3a).  

 Elastic and viscous contributions to the mechanical properties of natural tissue and 

ECM-mimetics are often visualized by plotting their storage modulus versus their loss 

modulus (Figure 6.3b). Many tissues exhibit an elastic contribution that is ~10x the 

viscous contribution11 (shown as the gray dashed line in Figure 6.3b), so that is the target 

criterion when designing these granular hydrogels. Indeed, PHMs all demonstrate storage 

moduli that are ~10x the loss moduli, therefore achieving that desired design criterion. 

Med-Spheres (D) have an increased elastic contribution as illustrated by their deviation 

from the 10x trendline in Figure 6.3b, suggesting that the sliding and reorganizing abilities 

of PHMs contribute to their viscoelasticity. This phenomenon is likely analogous to 

reversible chemistries that are known to increase viscoelasticity of bulk hydrogels. For 

example, a hydrogel system crosslinked via a supramolecular guest-host mechanism 

(e.g., adamantane-𝛽-cyclodextrin) would exhibit increased viscous behavior as applied 

forces disrupt that guest-host interaction, but this is reversible if the force is removed 
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before the polymeric network has undergone substantial rearrangement to relax the 

applied stress26,27,69. We postulate that PHMs exhibit similar response – except at the 

microscale as opposed to the nanoscale – where fibers begin to slide in response to 

applied forces but return to rest due to contact and entanglement forces when the force 

is removed.  

Figure 6.3. Viscoelasticity and time-dependent stress relaxation of granular 
hydrogels. (a) schematic of the parallel plate oscillatory shear rheology testing platform. 
The increased length scale of interactions between fibers enables sliding and 
reorganization in response to applied strains whereas particles will begin to shift in 
response to applied strains. (b) Plotting loss vs. storage modulus illustrates both viscous 
and elastic contributions to the mechanics of granular hydrogels. PHMs exhibit storage 
moduli that are ~10x loss moduli (illustrated by gray dashed trendline), which is consistent 
with many natural tissue types. Conversely, Med-Spheres (D) have a lesser viscous 
contribution and thus deviate from this 10x trend. Med-Spheres (V) illustrate negligible 
storage and loss moduli. (c) Time-dependent stress relaxation profiles at 15% applied 
strain of granular hydrogels. PHMs are able to dissipate stress over time as fibers slide 
and reorganize in response to the applied strain as illustrated by the slow decrease in 
normalized stress (T1/2 on the order of 10-100+ s). Spheres (D) are unable to reorganize 
effectively and seemingly shift and fracture before reorganizing into a granular hydrogel 
as illustrated by the sharp drop in normalized stress (T1/2 < 1 s). 
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 Time-dependent stress relaxation is thus another important ECM mechanical 

property that is closely related to viscoelasticity. Natural tissue dissipates stress at 

relaxation times (T1/2, defined as the time it takes for a tissue or material to relax to 50% 

of the peak stress under constant strain) ranging from 1-1000 s11. Using a constant 

applied shear strain of 15%, we found that all packing densities of PHMs were able to 

dissipate stress with T1/2 >10 s (Figure 6.3c). Additionally, T1/2 demonstrates a positive 

correlation with packing density, where the relaxation time is longest for the High-Fiber 

group. In comparison, Med-Spheres (D) exhibited a sharp drop off in normalized stress 

with a T1/2 <1 s. This is likely due to the limited number of interactions between spheres 

preventing them from sliding against each other and instead shifting past each other. 

Stress relaxation occurs within an elastic-dominated regime and based on the yield 

strains reported for Med-Spheres (D) (~8%, Figure 6.2e), there are smaller strain ranges 

in which this can occur due to the transition to fluid-like behaviors at lower strains.  

 

6.5.4. Strain-dependence of granular hydrogel stress relaxation 

 Preliminary analysis of time-dependent stress relaxation of granular hydrogels in 

this study demonstrated that Med-Spheres (D) relax at time scales on the order of 10-1 s. 

We next investigated how Med-Spheres (D) responded to a range of applied strains (2.5-

50% strain), with a particular focus on strains that do not supersede their yield strain 

(Figure 6.4ai). We also sought to compare the stress-dissipation behaviors of PHMs 

within this same range, aiming to identify a relationship between yield strain and 

relaxation time similar to Med-Spheres (D) (Figure 6.4aii-iv). Importantly, we utilize a 

different definition of relaxation time here, T1/4, which is when the material system only 
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relaxes 25% of the max stress value. This different relaxation time allows for us to draw 

comparisons across groups that do not exhibit a T1/2 value within the 300 s test parameter 

utilized here.   

Figure 6.4. Strain-dependence of granular hydrogel stress relaxation. (a) Granular 
hydrogels demonstrate that (i) Med-Spheres (D) exhibit a stronger strain-dependence on 
stress relaxation when compared to all packing densities of PHMs (ii-iv). Med-Spheres 
(D) are able to reorganize and dissipate stress when the applied strain is below their yield 
strain (~8%), whereas PHMs exhibit a more muted relationship between stress relaxation 
and applied strain, seemingly regardless of their yield strains. (b) These relationships are 
quantified where (i) all groups exhibit increasing max stress with increasing strain, with 
Med-Spheres (D) generally exhibiting higher max stresses than fibers at low strains. (ii) 
Interestingly, Med-Spheres (D) do not relax to the same level as PHM groups at strains 
below their yield strain, indicating that they store more stress than fibers during the time 
scale investigated if the applied strain is not sufficient to cause them to reorganize and 
flow. However, there is a sharp increase once the applied strain surpasses their yield 
strain as they begin to flow. Notably, all fiber groups exhibit a modest positive correlation 
in total relaxation with respect to applied strain. (iii) Finally, consistent with the previous 
results of total relaxation, T1/4 is considerably longer for Med-Spheres (D) when the 
applied strain is below the yield strain, with a sharp decrease as the applied strain is 
increased beyond this threshold. Conversely, PHMs exhibit a marginal decrease in 
relaxation time as applied strain is increased.  
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Illustrated in Figure 6.4ai, it is evident that there is a distinct strain-dependent 

relationship for the stress relaxation profiles for Med-Spheres (D). As previously 

demonstrated, we observed a yield strain of ~8% for the Med-Spheres (D) granular 

hydrogel. For applied strains <8%, Med-Spheres (D) are able to slowly relax as spheres 

slide in place to dissipate stress. However, once the applied strain reaches 10% and 

above, Med-Spheres (D) exhibit a sharp decrease in normalized stress as sphere-sphere 

surface contact is effectively disrupted in response to applied strains greater than their 

yield strain. Critically, the range of strains in which Med-Spheres (D) relax in T1/4 values 

greater than 1 s is outside the range of strains considered relevant for most cell activity 

(10-50%)41, suggesting that further modifications might be necessary to engineer ECM-

mimetic environments using the Med-Spheres (D) scaffolds described here.  

In comparison, all packing densities of PHMs exhibit a muted relationship between 

applied strain and stress relaxation (Figure 6.4aii-iv). This observation is particularly 

noticeable for strains ranging from 2.5-15% strain for all packing densities, with deviations 

beginning at 25% strain for the Low-Fiber group and 50% strain for the Med-Fiber and 

High-Fiber groups. Again, we attribute these phenomena to the high aspect ratio of the 

fibers entangling within the granular hydrogel at increased length scales, enabling sliding 

and reorganizing in response to applied stress. Additionally, while there is a slight change 

in behavior of T1/4 around the yield strains of fibers, we do not observe as noticeable a 

decrease in normalized stress when compared to Med-Spheres (D). This result could be 

explained by the ability of fibers to reorganize under a constant applied strain near their 

yield strain in a manner in which spheres are unable to replicate.  
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The unique properties of the interactions within PHMs allow for relaxation of stress 

at higher strains without flow compared to Med-Spheres (D). In light of these results, we 

next sought to quantify these relationships to further discern how PHM packing density 

influences time-dependent stress relaxation behaviors. Interestingly, when comparing the 

max stress value for all groups, they exhibit the same linear trend where max stress 

increases with applied strain (Figure 6.4bi). It is noteworthy that Med-Spheres (D) exhibit 

a higher max stress than fibers at low strains, but this trend begins to diminish once 

applied strains surpass the yield strain of the spheres. When analyzing the percent 

relaxation (Figure 6.4bii), we observe similar trends across all fiber groups where total 

relaxation increases modestly at low applied strains, but sharply increases once the 

applied strain surpasses the yield strain. Consistent with previous results, the percent 

relaxation for Med-Spheres (D) is considerably lower than fibers until the strain surpasses 

their yield strain where total relaxation starkly increases due to spheres shifting and 

potentially causing microscale fracturing of the granular hydrogel in response to the 

applied perturbation. Finally, quantifying T1/4 for all granular hydrogel groups affirms the 

previously described differences between fibers and spheres. Across all strains for PHMs, 

there is a generally a modest decrease in T1/4 in response to increasing strain. Conversely, 

Med-Spheres (D) exhibit T1/4 values that drastically decrease with increasing strain, then 

begin to level out once the yield strain is exceeded. These results indicate that yield strain 

influences the stress relaxation behavior in a strain-dependent manner for the sphere-

based granular hydrogels more so than the PHMs described here.  
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6.5.5. Selective annealing of packed hydrogel microfibers 

 PHMs have thus far demonstrated favorable properties for use as permissive 3D 

cell culture environments that mimic many properties of natural tissues. They form soft, 

viscoelastic 3D scaffolds (G’ on the order of 100 Pa) that are mechanically robust. 

However, most natural tissues are stiffer (G’ on the order of 1+ kPa)70, which might limit 

their utility in modeling many ECM types. Thus, we sought to increase the mechanical 

properties of PHMs while potentially maintaining their viscoelasticity and time-dependent 

stress relaxation properties demonstrated thus far. There exists an exciting possibility to 

control crosslinking within a PHM scaffold by incorporating subpopulations of fibers that 

are able to participate in secondary annealing mechanisms within fibers that are unable 

to do so. We propose that this would enable fabrication of an elastically annealed fibrous 

architecture that supports the unannealed fibers within and surrounding the network. 

To achieve this, we leveraged a PEG-vinyl sulfone (PEGVS) derivative to form 

photoreactive electrospun fibers that could be mixed in with PEGNB fibers are 

predetermined ratios (PEGVS fibers characterized in Figure S6.2). PEGNB fibers were 

crosslinked with PEGSH in a stoichiometric mismatch, theoretically exhausting all thiol 

groups – thereby rendering PEGNB fibers theoretically non-photoreactive for further 

annealing processes. Conversely, PEGVS fibers form kinetic chains during crosslinking 

which allows crosslinks to propagate when exposed to UV light71. This enables a modular 

system design where the quantity of annealable fibers in PHMs can be dictated directly 

by the ratio of PEGVS:PEGNB fibers in the scaffold (schematic shown in Figure 6.5a). 

The PEGVS form covalent crosslinks between fibers that stabilize the system 

(contributing to matrix elasticity) and PEGNB fibers are unincorporated in this covalent 
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network, and thus are still able to slide and reorganize around the PEGVS fibers 

(contributing to matrix viscosity). 

 PEGVS fibers were added into PHMs at 2.5%, 5%, and 10% v/v compared to 

PEGNB fibers and annealed at 5 mW/cm2 for either 10 s or 120 s. All groups exhibited 

PEGVS content- and annealing time-mediated increases in their respective storage 

Figure 6.5. Modular addition of PEGVS fibers to PEGNB PHMs to increase 
mechanical properties. (a) Schematic of incorporating PEGVS fibers into PEGNB 
PHMs. PEGVS fibers form kinetic chains with each other when exposed to UV light, 
forming a reinforcing structure, while leaving PEGNB fibers essentially unincorporated. 
This strategy allows PEGNB fibers to theoretically continue to reorganize and respond to 
external perturbations with PEGVS providing mechanical stability. (b) Incorporating 
PEGVS fibers at low volumes (2.5%-10% v/v) increases granular hydrogel storage moduli 
for both 10 s and 120 s annealing times compared to 0% PEGVS, with a larger effect at 
the longer annealing duration. (c-d) Annealing PEGVS fibers in these granular hydrogels 
diminishes the stress relaxation capabilities of the scaffolds in both PEGVS content-
dependent and annealing time-mediated fashions. (e-f) Annealing all quantities of PEGVS 
fibers for both annealing times revealed that the max stress of the scaffolds when 15% 
strain was applied increased with a related reduction in their ability to dissipate stress in 
response to that applied strain. It is hypothesized that the PEGVS network within the 
PHMs might allow for local stress relaxation at the microscale due to PEGNB fibers sliding 
and reorganizing, with PEGVS fibers contributing to the elasticity of the scaffold at the 
macroscale.  
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moduli compared to the 0% PEGVS fiber control (Figure 6.5b), with the 10% PEGVS 

groups eclipsing the 1 kPa threshold for both annealing times. Additionally, all groups 

exhibited both PEGVS content-dependent and annealing time-mediated stress relaxation 

profiles (Figure 6.5c-d). This is grounded conceptually in the formation of kinetic chains 

when annealing VS groups together. Increasing the volume of PEGVS fibers or the 

annealing duration enables more crosslinks to form, which increases the magnitude of 

reinforcement provided by PEGVS fibers in the granular hydrogel scaffold. Accordingly, 

PEGV (2.5% v/v) coupled with only 10 s of UV irradiation yielded the most stress 

relaxation out of all groups tested. It is noteworthy, however, that any incorporation of 

PEGVS drastically increased the max stress of the scaffold upon the introduction of 15% 

strain (Figure 6.5e) and also reduced the ability of the granular hydrogel to relax at the 

global scale compared to the 0% PEGVS group (Figure 6.5f). PEGVS fibers theoretically 

crosslink orthogonally, thereby not covalently interacting with the PEGNB fibers. Thus, 

PEGVS fibers might provide a covalent scaffolding (i.e., similar to rebar in concrete) that 

influences mechanical properties at the macroscale, while still enabling the scaffold to 

exhibit soft, time-dependent stress relaxation properties at the microscale as PEGNB 

fibers slide and reorganize within and around the annealed structure. Future work will test 

this hypothesis by investigating cellular responses at the microscale in scaffolds with 

varying quantities of annealed PEGVS fibers.  

 

6.6. Conclusions and Future Outlook 

 Viscoelasticity and stress relaxation are important characteristics of natural tissue 

that are well-appreciated to influence cell behaviors including migration, proliferation, and 
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differentiation1,11. These complex matrix mechanical properties are often difficult to 

engineer into traditional 3D bulk hydrogel scaffolds, with granular hydrogels offering some 

advantages due to their ability to behave like solids34, but then reorganize in response to 

applied forces – features that are analogous to viscoelasticity. This study explores a new 

class of ECM-mimetic, packed hydrogel microfiber scaffold with tunable viscoelasticity 

using high aspect ratio (~15) electrospun PEGNB microfibers. The higher length/diameter 

ratio enables increased interparticle interactions between discrete fibers which uniquely 

contribute to complex scaffold mechanics in ways that were previously unrealized by 

conventional spherical microparticles (aspect ratios of ~1).  

 We demonstrate that PHMs are viscoelastic with shear-thinning and self-healing 

capabilities, which are properties consistent with other classes of granular hydrogels. 

Interestingly, particles with matched volume to the fibers (“Med-Spheres (V)”) are unable 

to form a scaffolding system with an appreciable storage modulus, indicating that the 

spherical dimensions to yield the desired volume are insufficient to provide enough 

contact forces to form a solid-like system at rest using the processing parameters defined 

here. Further, the increased interparticle interactions between individual fibers enable 

higher yield strains for PHMs when compared to spherical-based systems with matched 

volume and matched dimension. These fiber-fiber entanglements seemingly enable a 

packing density-dependent stress relaxation profile for PHMs within cell-relevant strain 

regimes, thereby providing tunability when designing the granular hydrogel system for 

cell culture applications. Conversely, spherical-based scaffolds are less tunable and 

exhibit rapid stress relaxation when the applied strain is above their yield strain. Finally, 

PHMs can be selectively annealed via the incorporation of photoreactive PEGVS fibers 
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to increase the macroscale mechanics of the scaffold. We hypothesize that small amounts 

(<10%) of PEGVS fibers provides a reinforcing network that penetrates throughout the 

granular hydrogel, with PEGNB fibers still able to slide and reorganize at the microscale 

to contribute to the viscoelasticity and stress relaxation that cells might perceive in their 

environment.  

While this study has focused on the mechanical characterization of PHMs 

compared to scaffolds formed from spheres with matched volume and matched 

dimension, it is important to contextualize this work as a 3D, permissive cell culture 

scaffold. Perhaps the most notable property of PHMs is their tunable stress relaxation 

that is largely independent from yield strain, with T1/2 values ranging from 1-100+ s, 

depending on packing density. These timescales are physiologically relevant for many 

tissue types, thereby offering user-defined design control over the time-dependent 

mechanics of the tissue culture scaffold.  

Additionally, the subcellular length scale diameters of these PEGNB fibers might 

offer a more permissive granular hydrogel environment compared to spherical particles 

that are commonly sized to be on the same order of magnitude as cells, or larger32 – 

possibly providing the ability for cells to navigate their environment without hindrances 

introduced by the particles. Cells within the ECM are known to exert protrusion and 

traction forces during migration on the order of 10-1-101 kPa, coupled with 10-50% strains 

where they reorganize the ECM12,41,72–76. Within the design parameters of this study, we 

report that PHMs are able to withstand strains within this range without yielding at the 

global/bulk scale, but it is possible that they yield at the microscale, and further 

investigation using atomic force microscopy or traction force microscopy is required to 
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confirm this hypothesis. Nevertheless, the demonstrated bulk mechanical properties of 

PHMs are analogous to natural tissues where a soft, viscoelastic hydrogel occupies most 

of the space in the ECM. We postulate that these advantages might lend themselves to 

modeling tissue systems – like brain tissue – where the amorphous hydrogel dominates 

the mechanical properties of the environment and cells are known to migrate and grow 

independently of adhesion forces77.  

Many natural tissue types also contain protein fibers that mechanically strengthen 

the amorphous, viscoelastic hydrogel that occupies the ECM6. This inspired the inclusion 

of PEGVS fibers within the PEGNB PHM to covalently stabilize the network. In addition 

to the mechanical support offered by the annealed PEGVS fibers, they might provide 

immobilized anchoring points for cells to engage with and exert traction forces like they 

would in many endogenous tissue environments. Importantly, both PEGNB fibers and 

PEGVS fibers are readily modifiable with protein-mimetic and adhesive peptide ligands 

to increase the bioactivity of PEG to support cell engagement with the granular hydrogel 

network78.  

 Overall, packed hydrogel microfibers offer an intriguing alternative to traditional 

granular hydrogels comprised of spherical microparticles. Their mechanical tunability to 

match complex matrix properties of different tissue types offers a promising solution to 

engineering 3D scaffolds for cell culture applications. While the focus of this study was to 

characterize their range of physical properties, we expect that this new class of granular 

hydrogels will lead to further exploration into their utility as a cell culture scaffold for both 

in vitro and in vivo applications.   
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6.8. Supplementary Figures 

 

 
Figure S6.1. MALDI-TOF spectrum of GCDDD-FAM peptide. Confirmation of 
fluorescent peptide synthesis. Expected molecular weight: 881.8 Da; MALDI-TOF 
molecular weights: 880.3 Da and 1069.2 Da. Both peaks suggest successful synthesis, 
with the 1069.2 peak likely corresponding to the combined molecular weights of the 
peptide and the matrix utilized for MALDI-TOF.  
 

 
Figure S6.2. PEGVS fiber quantification. Comparisons between PEGNB fibers and 
PEGVS fibers show marginal differences in length and diameter. However, we determined 
that these values were sufficiently close to be considered interchangeable for this study 
– especially at the low concentrations (% v/v) of PEGVS fibers in the PEGNB fiber-based 
granular hydrogels (0-10% v/v). 
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Figure S6.3. Effect of continuous phase concentration (dextran) on resultant 
microgel diameter. To determine the effect of the continuous phase concentration, the 
following variables were held constant: 6% w/v PEGNB, 4.2% w/v PEGSH (corresponding 
to [-SH]:[-NB]=0.7), and 800 RPM stir rate. We originally observed decreasing microgel 
diameter as dextran(70) concentration was increased from 25% to 30% w/v, then we saw 
a marginal increasing trend in diameter with increasing dextran(70) concentration above 
30% w/v. This is likely due to the disperse phase aggregating in lower viscosity 
dextran(70) solutions to form larger droplets, with increasing viscosity (i.e., higher 
dextran(70) concentrations) supporting larger independent disperse phase droplets. 
Importantly, 25% w/v was the chosen continuous phase concentration for spheres (D) 
used in this study and 40% w/v was utilized for spheres (V).  

 

 
Figure S6.4. Effect of spin rate on resultant microgel diameter. To determine the 
effect of the spin rate, the following variables were held constant: 6% w/v PEGNB, 4.2% 
w/v PEGSH (corresponding to [-SH]:[-NB]=0.7), and 30% dextran(70). Overall, microgel 
diameter decreased with increasing spin rate. 800 RPM was utilized for spheres (D) in 
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this study and spheres (V) were fabricated via vortexing at maximum speed rather than 
using a stir plate.  

 
Figure S6.5. Effect of disperse phase concentration (PEGNB and PEGSH) on 
resultant microgel diameter. To determine the effect of the disperse phase 
concentration, the following variables were held constant: 30% dextran(70) and 800 RPM 
stir rate. The concentrations shown in the figure correspond to total % w/v between 
PEGNB and PEGSH, with the [-SH]:[-NB] ratio indicated below. Generally, increasing 
PEG concentration resulted in marginally larger microgel diameters, except for 9% PEG 
with [-SH]:[-NB]=0.5, which had the largest diameter due to the lowest crosslinking density 
allowing for the greatest swelling. 10.2% PEG – 6% PEGNB and 4.2% PEGSH – was 
utilized in this study for all microparticles.  
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CHAPTER 7: A BIOFABRICATION TECHNOLOGY FOR ACHIEVING NEAR-SINGLE-

CELL RESOLUTION IN CELL-DENSE, MACROSCALE TISSUE CONSTRUCTS 

 

7.1. Abstract 

Across biomedical sciences in broad scientific, engineering, and medical 

disciplines, efforts to understand biology and improve health have included the 

development and application of tissue-like constructs that recapitulate features of cellular 

and physiological systems, tissues, and organs. There are numerous established 

biofabrication platforms that enable design of some important features of tissue systems, 

such as material and cellular localization (e.g., 3D bioprinting) and fibrous architecture 

(e.g., electrospinning); however, state-of-the-art technologies still face hurdles in 

recreating the complexity of biological structures across multiple length scales. Given the 

appreciation for how local environments influence individual cell fates, the ability to 

assemble cells within material environments where cellular and material architecture is 

controlled at near-single-scale resolution will enable the directed formation of desired 

biological structures. Thus, we identified a potential strategy that might enable these 

requirements: a layer-by-layer assembly of thin hydrogel fiber scaffolds with spatially 

patternable biomolecules, cells, and materials through the thiol-ene reaction scheme. 

Herein, we demonstrate initial steps towards the development of this biofabrication 

platform – through photomediated patterning mechanisms to modify electrospun 

hydrogels, utilizing thin film support substrates to enhance the stability of these 2D 

scaffolds, and precise layering of these scaffolds to begin forming constructs in the Z 

direction. While only preliminarily demonstrated here, future extension of these steps will 

enable the desired control of cellular and material composition at the microscale 

throughout 3D, macroscale constructs.  
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7.2. Introduction 

Throughout the history of tissue engineering and regenerative medicine, our 

collective understanding of fundamental biological processes has been closely coupled 

with the available techniques to develop and apply tissue-mimetic constructs that 

recapitulate targeted features of physiological systems1. Accordingly, the advancement of 

biofabrication processes – fabrication processes that aim to engineer the cellular and 

material environment of tissue-mimetics with precise spatiotemporal control in 3D space 

– has received considerable attention in recent years2. This has resulted in well-

demonstrated use cases of cell- and material-based constructs, including for the 

interrogation of stem cell niches3, the design of systems that support and influence 

developmental and morphogenic processes4–6, the creation of drug screening platforms 

for personalized medicine7, and the engineering of replacement tissue2,8. These 

approaches harness a variety of sophisticated technologies that enable researchers to 

approach modeling the endogenous complexity of the cellular and extracellular 

environments seen in vivo through controlled positioning of cells and materials. While de 

novo creation of fully functional patient-specific tissues and organs remain an important 

(and currently aspirational) objective for tissue engineering and regenerative medicine, 

technologies that advance our capabilities in isolating specific variables when modeling 

native biology are having immediate impacts on human health by furthering our 

understanding of biological development, function, and dysfunction9.  

Defining cellular and material structures with high microscale (<100 𝜇m) resolution 

throughout macroscale 3D space (>1mm3) remain central considerations in tissue 

engineering efforts and are motivating factors in biofabrication technologies. Hydrogel 
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materials are commonly used in tissue engineering, owing to properties that mirror – and 

can be modulated to further recapitulate – characteristics of the endogenous extracellular 

matrix (ECM)10–12. Indeed, diverse techniques have been explored to attempt to achieve 

biomimetic structure and function in synthetically engineered hydrogels. These 

techniques have been applied to cell suspensions and cells embedded within hydrogels 

with dimensions ranging from the microscale to the mesoscale (100 𝜇m – 1 mm) and 

include: fluidic patterning13; electric fields14; organization of microgels15–21; sound 

waves22; magnetism23; and molding24. Hydrogels are also amenable to chemical 

functionalization strategies that enable post-crosslinking modifications for further 

specification of the biomimetic heterogeneity of the resultant construct25–31. Often, focused 

light is utilized to pattern microscale extracellular features with high precision into 

hydrogel systems32–34. Examples include, but are not limited to, photomediated patterning 

of biochemical functionalities35, mechanical cues34, viscoelasticity36, and topologies that 

might direct cell behaviors37,38.  

Despite the recent progress in biofabrication technologies, there are still technique-

dependent hurdles in simultaneously addressing critical challenges that are central to 

building tissue constructs with multiscale complexity. In particular, the ability to specify 

arbitrary cellular and material composition at single-cell-scale resolution must be 

achieved throughout 3D space at the macroscale. Currently, no biofabrication or tissue 

engineering platform has demonstrated this capability39. Generally, sophisticated 

techniques allowing high-resolution control over construct composition have 

demonstrated the ability to control the positions of cells or the material structure, but 

typically not both. These techniques also face challenges in scaling towards macroscale 
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structures for various reasons. For example, 3D printing faces significant challenges in 

specifying structures at the single-cell level. Although position capabilities are high, the 

maximum resolution of printed structures is typically in the mesoscale range.  Print times 

also scale exponentially with increasing resolution, which poses a significant hurdle to 3D 

printing approaches towards cell-scale resolution in macroscale constructs.  Additionally, 

and perhaps most notably, cells experience higher shear forces from 3D printing 

processes, where cell viability is inversely correlated with print resolution40,41.  

In response, we have identified a potential biofabrication strategy for tissue 

engineering that might be capable of positioning cells and extracellular material 

throughout 3D space with <100 𝜇m spatial resolution. This technique employs thin, planar 

substrates comprised of electrospun hydrogel fibers, which have shown considerable 

promise as substrates for cell adhesion and also possess reactive functional groups for 

spatially controlled crosslinking and post-crosslinking biochemical modification using 

established photochemistries42. These planar substrates are subsequently layered to 

form a 3D construct comprised of many 2D layers. Using a layer-by-layer approach 

enables independent processing of each layer, with seeded cells allowed to reach 

confluency before assembling into a cell-dense construct. This biofabrication platform is 

preliminarily demonstrated here; however, the ability to control both cellular and material 

composition at near-cell-scale in macroscale 3D constructs is an unparalleled strength of 

this technique that is applicable to any tissue system of interest.    
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7.3. Materials and Methods 

All reagents were purchased from Millipore Sigma, unless otherwise stated. 

 

7.3.1. Preparation of support materials for electrospun substrates 

 Thin films (~50µm thick) of cyclic olefin copolymer (COC, ZeonorFilm) were 

identified as the support substrate for each layer of electrospun hydrogel fibers. COC 

films are generally inert off-the-shelf but are amenable to modifications. First, COC films 

were cut using a CO2 laser to introduce void spaces in the support material for fibers to 

span across. The films were then chemically functionalized with 3-(mercaptopropyl) 

trimethoxysilane (MTS) to enable covalent bonding between electrospun fibers and the 

COC surface. Briefly, COC film surfaces were activated using air plasma (Harrick Plasma) 

for 5 min, and MTS was added dropwise to the surface prior to being baked at 60 °C for 

1 h in an exhausted oven. COC films were then washed twice in 70% ethanol in water 

and DI water and stored under nitrogen until use.  

 For preliminary cell patterning experiments, glass coverslips were utilized as the 

substrate for fiber adhesion. Glass coverslips were modified with MTS as described in 

Chapter 3.  

 

7.3.2. Synthesis of methacrylate-modified HA (MeHA) and norbornene-modified HA 

(NorHA) 

 NorHA was synthesized as previously described in Chapter 3. Similarly, MeHA was 

synthesized as described in Chapter 5. The degree of modification was determined to be 
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~25% for NorHA and ~100% for MeHA by 1H NMR spectra (Figures S3.1 and S5.1, 

respectively). 

7.3.3. Peptide synthesis 

 All fluorescent peptides utilized in this study were synthesized identically to the 

methods outlined in Chapters 3, 5, and 6. Here, two fluorescent peptides were used – 

one with a 5(6)-carboxyfluorescein appended to the N-terminus and one with a rhodamine 

B appended to the N-terminus (GCDDD-FAM and GCDDD-RhoB). The cysteine residue 

within both peptides provides a thiol group for photomediated thiol-ene conjugation to 

methacrylate and norbornene groups. For cell adhesion, a thiolated RGD peptide 

(GCGYGRGDSPG) was purchased from Genscript.  

 

7.3.4. Fabrication of planar electrospun hydrogel fiber substrates 

 Both MeHA and NorHA were chosen to preliminarily demonstrate this 

biofabrication platform. While the norbornene groups on NorHA facilitate a more 

stoichiometric crosslinking reaction compared to the methacrylates on MeHA, both HA 

derivatives utilized here enable spatially-controlled, photomediated ligation of 

biomolecules to the stabilized fibers. Prior to electrospinning, MTS-modified COC films or 

glass coverslips were secured to a rotating mandrel collector (DOXA Microfluidics) which 

was set to rotate at 1000 RPM.  

 MeHA was electrospun according to the protocols outlined in Chapter 5. NorHA 

was electrospun using a solution comprised of 3.5% w/v NorHA, 2.5% w/v PEO (900 

kDa), 0.05% w/v HHMP, and sufficient dithiothreitol (DTT) such that the ratio of thiol 

groups from DTT to norbornenes on NorHA equaled 0.6 ([-SH]:[nor]=0.6). Both polymers 
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were electrospun with flow rates varying from 0.4-0.6 mL/hr and applied voltages ranging 

from 10-15 kV. A constant negative voltage of -4 kV was applied to the mandrel to focus 

the electrical field during the electrospinning process. If homogenous fluorescence of 

fibers were desired, 1 mM of the FAM peptide was included in the electrospinning 

precursor solution.  Fibers were collected for ~45 min prior to being removed from the 

mandrel and crosslinked at 10 mW/cm2 (Omnicure) for 5 min for MeHA and 15 min for 

NorHA. All fiber samples were hydrated in PBS for at least 1 hr before further 

modifications.   

 

7.3.5. Photoligation of fluorescent peptides to hydrogel fibers 

 Prior to photopatterning experiments, all fiber samples were hydrated in 1% w/v 

BSA in PBS for at least 30 min. For spatially-controlled patterning of the fluorescent 

peptide to hydrogel fibers, a solution consisting of 1 mM fluorescent peptide (either RhoB 

or FAM), 1 % BSA, and 1 mM LAP was added to the fiber surface. Next, a photomask 

(CAD/Art Services) was added on top of the fiber scaffold and the entire system was 

irradiated with UV light (10 mW/cm2) for 2 min. The same protocol was followed for 

conjugating the cell-adhesive, fibronectin-mimetic Arg-Gly-Asp (RGD) peptide to fibers, 

with 1 mM of the RGD peptide added to the patterning solution in addition to the 

fluorescent peptide for visualization of RGD+ regions. Following the photopatterning 

process, fiber samples were washed thrice in PBS to remove unreacted peptides and 

stored at room temperature in PBS until required for further experimentation. Scaffolds 

patterned with just the fluorescent peptide were imaged directly following the washing 

steps on a Leica DMi8 Widefield microscope, and resultant images were processed and 
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analyzed using ImageJ. Scaffolds with patterned RGD were then moved into the cell 

culture pipeline for patterning cells in RGD+ regions.  

  

7.3.6. Cell culture, seeding, and staining 

 Immortalized murine myoblasts (C2C12s, ATCC) and human umbilical vein 

endothelial cells (hUVECs, Lonza) were used for cell culture experiments (passages 5-

8). C2C12s were cultured in standard growth media comprised of high glucose 

Dulbecco’s Modified Eagle’s Medium (DMEM) fortified with 10% v/v fetal bovine serum 

(Gibco) and 1% antibiotic/antimycotic (Gibco). hUVECs were cultured using an 

Endothelial Growth Medium-2 BulletKit (Lonza) according to the manufacturer’s protocol. 

Media was changed every 2 days for both cell types. 

 Prior to cell seeding, RGD+ scaffolds were sterilized with germicidal light for 1 h. 

The PBS was then exchanged with the desired complete growth media for at least 30 min 

to displace PBS with the nutrient-rich media. Cells were then seeded on top of the fibrous 

scaffolds at a density of 1 x 105 cells per scaffold and were given 30 min to adhere to the 

RGD+ regions. Scaffolds were then gently washed with PBS to remove unadhered cells 

from the fibers. Following a 3 d culture period, cells were fixed in 10% v/v neutral buffered 

formalin for 15 min, permeabilized with 0.1% v/v Triton X-100 for 10 min, then blocked 

with 3% w/v BSA for 90 min at room temperature. F-actin was tagged with AlexaFluor-

488 phalloidin (1:600, Invitrogen) for 2h and nuclei were counterstained with DAPI 

(1:10000) for 1 min. Scaffolds were washed thrice in PBS to remove unreacted molecules. 

Cells were imaged on a Leica DMi8 Widefield Microscope and fluorescent micrographs 
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were processed and analyzed on ImageJ to determine cell localization with respect to 

RGD+ regions.  

 

7.4. Results and Discussion 

7.4.1. Spatially-controlled photopatterning electrospun hydrogel fibers 

 Electrospun fibrous scaffolds were fabricated using both NorHA and MeHA – both 

of which have demonstrated biocompatibility and been established for electrospinning 

processes (1H NMR spectra confirming successful syntheses shown in Figures S3.1 and 

S5.1)33,43,44. Electrospun fibers have seen extensive use in the tissue engineering space 

due to their ability to mimic the fibrous content of endogenous ECM42,45,46, and the use of 

HA as the base material is additionally advantageous due to its prevalence in natural 

tissue47,48. Both the methacrylate and norbornene functional groups enable a 

photomediated crosslinking mechanism to stabilize fibers; however, they are not used to 

exhaustion during crosslinking, thereby providing sites for biomolecule adhesion through 

Scheme 7.1. Schematic of electrospinning NorHA fibers with photopatterned 
bioactivity. (left): The aqueous NorHA electrospinning solution contains a crosslinker 
molecule (here, DTT) that enables (middle) photomediated crosslinking of individual 
fibers following the electrospinning process. (right): The fibers contain residual 
norbornene groups that allow for further functionalization with bioactive molecules (such 
as RGD) through the thiol-ene reaction mechanism. Importantly, while this schematic 
illustrates the process for NorHA, MeHA generally follows the same scheme, except 
methacrylate groups crosslink together rather than through a dithiol crosslinker molecule.  
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additional thiol-ene reactions with thiolated peptides. The thiol-ene reaction is light-

mediated49, so spatial control is afforded by dictating where light engages with the scaffold 

during the conjugation process (Scheme 7.1)33,34,43. 

 Since high-resolution, light-based techniques are typically physically constrained 

by light spreading, we first sought to examine the limitations of the thiol-ene mechanism 

when photopatterning features with decreasing sizes. We utilized a photomask with 

vertical stripes that decrease in width from 600 𝜇m down to 20 𝜇m, which is approximately 

the size of a single cell (Figure 7.1A). Interestingly, as stripe size decreased, there was 

a correlated decrease in signal intensity, which might be attributed to the amount of light 

contacting the scaffold allowing the reaction to proceed (Figure 7.1B). When analyzing 

the resultant stripe sizes following the patterning process, we were able to discern a 

relationship between expected stripe width (i.e., the size of the photomask) and the actual 

stripe width (i.e., the size of the patterned stripe on the scaffold). Plotting the expected 

width versus the actual width, the slope of the line should theoretically be 1; however, it 

was expected that the slope might deviate from 1 at smaller features due to light 

spreading. Indeed, the expected versus actual values were essentially equivalent at large 

stripe widths (Figure 7.1C), with deviations beginning at widths below ~70 𝜇m (Figure 

7.1D), indicating that we can achieve patterns that are sized within the same order of 

magnitude as most cells.  



271 

 

 

7.4.2. Localizing cell adhesion by photopatterning thiolated adhesive ligands 

 To localize cell adhesion on 2D electrospun scaffolds, a thiolated peptide 

containing a fibronectin-mimetic RGD motif50 was photopatterned onto the hydrogel fibers 

(support by glass coverslips) using a photomask with 100 𝜇m wide stripes. Both 

Figure 7.1. Investigating the limitations of light-based patterning. (A) Patterned 
stripes using a thiolated rhodamine B peptide with decreasing stripe width from 600 𝜇m 
to 20 𝜇m. White dashed line corresponds to the intensity profile (B) that illustrates 
decreasing stripe intensity as feature size decreases – possibly due to less light 
contacting the scaffold. (C) Expected versus actual feature width showing that actual 
stripes are essentially equivalent to the photomask size at larger stripe sizes (> ~70 𝜇m, 
grey dashed line corresponds to equivalency). (D) Inset from (C) illustrating where actual 
stripe widths are larger than expected, likely due to light spreading. Scalebar = 250 𝜇m. 
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immortalized murine myoblasts (C2C12s) and human umbilical vein endothelial cells 

(hUVECs) were selected to demonstrate the flexibility of this patterning platform for 

multiple cell types. In this scheme, the RGD peptide was photopatterned along with the 

rhodamine B peptide to enable visual confirmation of RGD localization following the 

ligation and washing steps (Figure 7.2A-B and 7.2D-E). Indeed, both the seeded C2C12s 

and hUVECs preferentially adhered to the patterned RGD+ regions (Figure 7.2C and 

7.2F), thereby demonstrating spatial control over cell localization on 2D fibrous 

substrates. The ability to control biomolecule localization (Figure 7.1) along with the 

position of cells (Figure 7.2) on a singular 2D electrospun hydrogel substrate is the first 

step towards a layer-by-layer assembly biofabrication platform, and this technique is 

theoretically grounded in the ability to repeat this process for multiple layers prior to 

stacking and forming a 3D construct. Thus, the next step is to translate this preliminary 

technique towards the layer-by-layer goal by developing a thin film substrate system that 

will support layering of fibrous scaffolds on top of each other.  
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7.4.3. Developing a substrate system that enables layering of fibrous scaffolds 

 Thus far, we have demonstrated the ability to control the localization of 

biomolecules and cells on fibrous substrates supported by glass coverslips. To enable a 

layering system where the fibrous layers come in direct contact, we sought to develop a 

thin film substrate system that can be selectively ablated using a laser to create void 

spaces in the substrate that fibers can span across (Figure 7.3A-C). This step is critical 

because the void spaces in the substrate theoretically allow for fibers that span the wells 

to be layered directly on top of each other. To achieve this, we identified cyclic olefin 

copolymer (COC, ZeonorFilm) thin films that are 50 µm thick. COC films are 

Figure 7.2. Controlling cell localization on fibrous substrates. (A) C2C12 cells 
preferentially adhering to the RGD+ regions (marked red by the rhodamine B peptide). 
(B) Zoomed in image of C2C12s within the patterned regions. (C) Quantification of cells 
in the RGD+ and RGD- regions indicating that C2C12s adhered primarily to the RGD+ 
regions. (D) hUVECs adhering preferentially to RGD+ regions (marked red by the 
rhodamine B peptide). (E) Zoomed in image of hUVECs within the patterned regions. (F) 
Quantification of cells in the RGD+ and RGD- regions indicating that hUVECs mostly 
adhered the RGD+ regions. Scalebars = 100 𝜇m.  
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advantageous as substrates since they are bioinert, transparent, and enable facile laser 

ablation with a CO2 laser51. Additionally, COC films are amenable to surface modification 

with thiol groups to enable covalent conjugation of electrospun fibers to the films for 

immobilization during further processing steps (e.g., photopatterning, cell culture, and 

layering). COC films were designed such that there would be 9 holes laser cut into each 

film sample in a 3x3 grid. The outside 8 holes are designated for sample alignment during 

the layering process, and the middle hole is the “working area”, which is where the 

biomolecules and cells would be patterned onto fibers (Figure 7.3A). 

Figure 7.3. Cyclic olefin copolymer substrates for fibrous scaffolds that span wells. 
(A) COC films are designed to have a 3x3 grid of holes, where the outside 8 holes support 
alignment during future layering processes. These COC films are modified to present 
thiols for covalent immobilization of fibers to the films. (B) FAM-tagged fibers that span 
the middle hole in the 3x3 grid. (C) Zoomed in image of fibers at the edge of the hole in 
the COC film. (D) Dry fibers that span a well in a COC film that has been crosslinked with 
a photomask that shields light in 250 𝜇m circles. (E) Hydrated fibers in (D) that show the 
selective crosslinking capabilities where the shielded circles during crosslinking dissolve 
away upon hydration. (F) Zoomed in image of (E) with white arrows indicating dissolved 
regions. Scalebars: (B) = 1000 𝜇m; (C) = 200 𝜇m, (D-F) = 1 cm. 
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 An advantageous feature of this scheme is that since both MeHA and NorHA fibers 

allow for photomediated crosslinking mechanisms, the localization of crosslinking can be 

controlled via selective shielding of fiber regions using photomasks (identical to the 

photopatterning of thiolated peptides)43. This is particularly noteworthy because if holes 

are patterned into fibers during crosslinking, those regions would dissolve when hydrated 

(Figure 7.3D-F), thus leaving holes in the middle of the fibers that span the void space of 

the COC film. If multiple substrates with the same hole patterns are layered on top of 

each other, then those holes would align and form a channel in 3D space. These channels 

can be utilized as a material structure to help with nutrient diffusion or can possibly be 

lined with endothelial cells that might fuse into a vessel-like structure in the 3D construct.  

 

7.4.4. Layering fiber scaffolds with precise alignment 

 With the demonstrated abilities to control the localization of biomolecules, cells, 

and fibers on both COC thin film and glass substrates, the next step towards this layer-

by-layer assembly biofabrication platform is to establish a technique that layers these 

individual scaffolds with high degrees of precision. To achieve this, we 3D printed a base 

plate with alignment posts (schematic in Figure 7.4A) that correspond to the outside 8 

laser ablated holes in the COC films (refer to Figure 7.3A). Preliminary experiments 

utilized 2 photomasks that require precise alignment of the patterned shapes to reveal 

the complete design. Similar to the COC films and 3D printed base plate, both 

photomasks used for this study were also laser cut to provide holes for alignment. For 

alignment with high degrees of precision, the first layer was added to the base plate along 

with the desired photomask. From there, the same UV patterning process was completed 
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to conjugate the thiolated peptide to the fibers. This step was repeated for the second 

layer. Finally, the photomasks were removed, and the fiber layers were stacked on top of 

each other using the base plate to align them. The full process schematic is shown in 

Figure 7.4A.  

Indeed, this process design was successful in precisely layering 2 scaffolds 

together to show the full design across both layers, where the University of Virginia’s 

“Split-V” logo was patterned with the “V” on Layer 1 and “Virginia” on Layer 2 (Figure 

7.4B). It is important to note that while this process was demonstrated with a FAM-tagged 

peptide on both layers, each layer can be independently patterned with different 

biomolecules to engineer biochemical heterogeneity across layers. Furthermore, it is 

possible to pattern multiple different biomolecules on the same layer due to the flexibility 

of the thiol-ene reaction mechanism, which has been previously demonstrated by Wade 

Figure 7.4. Precise layering of planar fibrous scaffolds with high precision. (A) 
Process schematic of using a 3D printed base plate to secure COC films with HA fibers 
during the photopatterning process. Precise layering is achieved using the same 
alignment posts to stack COC layers on top of each other. (B) 2 separately patterned 
layers form the University of Virginia’s “Split-V” logo when stacked together. Scalebars = 
200 𝜇m. 
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and coworkers33. Finally, these techniques are the same as those used to add cells, as 

demonstrated in Figure 7.2. We therefore believe it would be possible to use this 

approach to introduce a user-defined cellular architecture that spans each layer and 

across layers in 3D space. 

 

7.5. Conclusions and Future Outlook 

 In summary, we have successfully demonstrated preliminary proof-of-concept 

steps towards a layer-by-layer biofabrication platform that enables multiscale resolution 

in cell-dense, macroscale tissue constructs with control over the material and cellular 

heterogeneity in 3D space. MeHA and NorHA electrospun fibers act as substrates for cell 

culture, with the thiol-ene reaction scheme enabling localization of biomolecules that 

influence cell behavior and positioning at resolution length scales approaching that of a 

single cell (<70  µm). Using COC films as the support substrate for these fibers, holes can 

be laser cut such that fibers span over a void space. These unsupported fibers allow for 

each layer of fibers and cells to be stacked in direct contact when assembling the overall 

3D macroscale construct. We finally demonstrate preliminary layering of 2 scaffolds with 

high precision such that photopatterned biomolecules form an overall design following 

stacking of the layers. Importantly, the demonstrated data address the main steps 

required for the process flow of the proposed biofabrication technology; however, the 

steps must be applied to systems with >2 layers to fully illustrate the generalizable 

flexibility of the platform. Future work includes designing intricate systems with multiple 

biomolecules, cells, and patterned channels across multiple layers to investigate the 

feasibility and scalability of a layer-by-layer biofabrication strategy. 
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 Successful development of a biofabrication technology that enables near-single-

cell resolution in cell-dense macroscale constructs would have significant implications in 

the tissue engineering community. For example, the perivascular neural stem cell niche 

is a tightly regulated environment where the maintenance of stemness is dictated by 

spatial arrangements of cells and signals at the microscale52. The ability to model this 

tissue system-specific stem cell niche might allow for more advanced studies of the 

underlying biology of these cells in their microenvironment. From a translational 

perspective, volumetric muscle loss is a potential application of this tool because 

functional regeneration would require densely cellularized structures that are innervated 

and supplied by vasculature53 – complex challenges that are potentially addressable by 

this technology. These examples provide potential applications in both the research and 

translational spaces; however, this generalizable platform would enable the directed 

formation and subsequent study of biological structures, from models of specific cellular 

niches and replacement tissues (such as the two above examples), to models of 

dysfunctional tissue and synthetic multicellular systems with engineered functions.  
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CHAPTER 8: CONCLUSIONS AND FUTURE DIRECTIONS 

 

8.1. Summary 

 The work reported herein focused on the development of biofabrication platforms 

that build upon the dimensionality of electrospun hydrogel fibers. Historically, electrospun 

fibers were reduced to static, 2D substrates that served to provide nano-to-microscale 

topography to cells seeded on the top of the scaffold. However, electrospun hydrogel 

fibers are analogous to the fibrous proteins in native ECM, which is a characteristic that 

has motivated a paradigm shift towards increasing the dynamic complexities of hydrogel 

fibers past just being static substrates. In this dissertation, we aimed to modify the 

biochemical and biophysical profiles of electrospun hydrogel fibers (comprised of HA and 

PEG derivatives) to increase their dimensionality in both time and space. Importantly, 

while the reported biofabrication platforms here are in their relative infancy and were 

developed with generalizability as the main goal, we envision that they will be applicable 

to virtually any tissue system of interest – providing platforms to further our collective 

understanding of biological processes like development, function, and dysfunction. 

 

8.2. Conclusions and Future Directions 

8.2.1. User-defined, temporal presentation of bioactive molecules on hydrogel 

substrates using supramolecular coiled coil complexes 

 In Chapter 3, we sought to develop a platform that enables user-defined, reversible 

presentation of biomolecules on hydrogel substrates (both isotropic and fibrous), with the 

goal of providing the capability to temporally dictate bioactivity. To achieve this, we 

identified a suite of peptides that were previously demonstrated to form heterodimeric 
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coiled coils1 and modified them to enable spatially-controlled tethering to NorHA and 

PEGNB hydrogels and hydrogel fibers. Essentially, this system leverages three peptides: 

the peptide that is conjugated to the substrate (T-peptide), the bioactive peptide (A-

peptide), and the disruptor peptide (D-peptide). A-peptide will interact with both T- and D-

peptides, but preferentially binds to the D-peptide. Therefore, the T:A complex introduces 

bioactivity to the substrate and introduction of the D-peptide will strip the A-peptide away 

from the T-peptide, thereby rendering the substrate inert. This process was modulated by 

peptide affinities and reversibility was afforded through toehold-mediated strand 

displacement.  

Through isothermal titration calorimetry, we were able to elucidate relative binding 

affinities that facilitated biomolecule presentation and reversibility. This strategy was 

demonstrated to be similarly efficacious in presenting biomolecules when compared to 

covalent conjugation mechanisms, with removal occurring simply via the addition of the 

competing D-peptide. Appending an RGD motif to the end of the A-peptide enables cell 

spreading, and subsequent removal of the RGD peptide results in decreased cell areas. 

Importantly, this scheme is repeatable, with multiple rounds of functionalization possible 

following removal of the original biomolecule – providing flexibility in the temporal 

presentation of multiple biomolecules to dictate the biochemical profile of the hydrogel 

and hydrogel fiber substrates.  

While the biological demonstrations of this technique were limited to cell adhesion 

and spreading for proof-of-concept work, this system is generalizable and simple to 

implement for any number of biomolecules. The only required step to change the 

biological context of the scheme is to modify the bioactive motif that is appended to the 
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A-peptide. There are numerous well-studied peptide motifs that confer different modes of 

bioactivity to the microenvironment. In addition to the fibronectin-mimetic RGD motif2, 

other common adhesive peptides include the laminin-mimetic IKVAV and YIGSR 

sequences that have demonstrated success with neural cell types3. There has also been 

significant research in the isolation and application of growth factor-mimetic peptide 

motifs. For example, VEGF4 and FGF-25 are two common growth factors with identified 

bioactive sequences that can be synthesized as short peptides (≤15 amino acid 

residues). These sequences could possibly be appended to the end of the A-peptide to 

confer angiogenic properties4 (in the case of VEGF) or mitogenic activity to neural stem 

cells5 (in the case of FGF-2). The ability to modulate both adhesion and growth factor-like 

molecules in a time-dependent manner is a powerful advantage of this reversible peptide 

platform. 

This platform was demonstrated on 2D isotropic and fibrous hydrogel substrates, 

but all tissues exist in 3D6. Therefore, an outstanding question with this reversible peptide 

technique is how it will perform in 3D constructs where diffusion is an extra variable that 

will affect the rates (and possibly the effectiveness) of reversibility. Coupled with diffusion 

into the hydrogel network, the effect of peptide size and charge might be implicated in the 

rate and performance of reversibility7. Further studies are required to determine how this 

system performs in 3D. It is possible that this system could be combined with the layer-

by-layer biofabrication platform introduced in Chapter 7, where the discrete layers that 

are stacked to form a hydrogel might allow for increased diffusion between layers 

compared to a bulk, isotropic hydrogel. Additionally, this layering technique potentially 
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allows for deconstruction of the system to enable reversible processing of each layer 

independently prior to being re-stacked into the 3D construct again.  

Finally, this peptide system has applications that extend beyond the biochemical 

activity of a hydrogel system. Reversible interactions are attractive strategies to enable 

supramolecularly crosslinked hydrogels8–10. Two of the most common strategies are the 

use of 𝛽-cyclodextrin-adamantane complexes and cucurbituril-based guest-host 

complexes and have reported KD values of 10-5 M11 and 10-11-10-12 M12, respectively. Our 

system exhibits KD values on the order of 10-8-10-9 M1, indicating that it might provide an 

intermediate supramolecular crosslinking strategy compared to 𝛽-cyclodextrin- and 

cucurbituril-based modes. Additionally, the relatively facile synthesis of peptides and their 

photomediated conjugation to hydrogels could provide an easier pathway to introducing 

supramolecular crosslinks than other strategies that require intensive chemical 

processing13. Overall, this peptide-based platform for user-defined reversibility of 

bioactivity on hydrogel substrates offers great potential in the tissue engineering and 

regenerative medicine spaces.  

 

8.2.2. Fiber-based granular hydrogels with increased interparticle interactions for 

robust mechanical properties and tunable viscoelasticity and stress relaxation 

 In Chapters 5 and 6, we sought to develop a granular hydrogel medium comprised 

of discrete electrospun fibers that would enable increased interparticle interactions 

between constituent fibers, yielding unique properties compared to conventional granular 

hydrogels made of spherical (or nearly spherical) particles. To achieve this, we 

electrospun MeHA fibers (Chapter 5) and PEGNB fibers (Chapter 6) and segmented them 
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via mechanical agitation processes. Discrete fiber segments were then packed via 

centrifugation to form packed hydrogel microfiber (PHM) scaffolds and bulk mechanical 

properties were assessed via oscillatory shear rheology and filament stretching 

extensional rheology.  

Chapter 5 aimed to characterize MeHA-based PHMs as shear-thinning and self-

healing biomaterial inks that would enable injection and extrusion printing processes. 

Owing to the high-aspect ratios of the fibers, individual fibers are able to entangle and 

interact with other fibers within the granular hydrogel, resulting in mechanically robust 

materials that behave like bulk solids at rest. These entanglements also enable extreme 

extensibility of these materials (stretching to >2000% of their original heights). These 

PHMs are also viscoelastic and exhibit rapid stress relaxation properties (~10 s). 

Importantly, PHMs can be diluted to increase interfiber fluid content, and these unique 

mechanical phenomena were conserved at all dilutions investigated. We next 

demonstrated through macroscale extrusion printing that PHMs are favorable biomaterial 

inks for extrusion-based processes. The resultant filaments are mechanically robust and 

are easily manipulated – likely owing to the entanglements between fibers affording 

extensibility. These filaments do not require secondary annealing processes and can 

span length scales previously unrealized by other granular hydrogel media without 

covalent interactions between discrete particles. Interestingly, extruding PHMs results in 

shear-induced alignment of individual fibers, which confers contact guidance cues to 

cells. Finally, MeHA-based PHMs are permissive, 3D environments that are suitable for 

encapsulation cell culture, with cells likely able to interrogate and possibly remodel the 

scaffold.  
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Chapter 6 leveraged PEG-based PHMs and demonstrated their viscoelasticity and 

time-dependent stress relaxation profiles compared to conventional granular hydrogels 

comprised of spherical PEG particles. The increased interparticle interactions within PEG-

based PHMs allows for fibers to entangle with each other and slide during reorganization, 

resulting in tunable time-dependent stress relaxation profiles (T1/2 ~ 1-100+ s) across a 

range of applied strains. These behaviors were reported to be unique to PHMs, with 

conventional granular hydrogels comprised of spheres with matched volume and 

dimension unable to replicate these complex mechanical properties. Finally, PHM 

mechanics can be increased via the addition of fiber subpopulations that can participate 

in secondary annealing processes. The modular design of fiber subpopulations 

theoretically enables the addition of an elastic reinforcement structure to the otherwise 

unannealed PHM, with nonannealed fibers still able to slide and reorganize around this 

annealed scaffolding.  

 The mechanical characterization of PHMs was primarily conducted using 

oscillatory shear rheology to determine bulk mechanical properties at the macroscale. To 

further understand how these materials would present to cells at the microscale, 

additional characterization is needed. Atomic force microscopy is a powerful technique 

that enables more localized investigation of mechanical properties14 and would provide 

useful information regarding how cells might perceive a PHM environment. Additionally, 

more cellular studies would elucidate how PHMs perform as 3D cell culture scaffolds. 

From an extrusion printing perspective, the shear-induced alignment might be 

advantageous for applications where cells are known to align to form structures. 

Examples for this include the formation of vasculature15 or muscle fibers16, and the ability 
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to 3D bioprint filaments that offer anisotropic contact guidance cues might enable direct 

design of structures that promote the formation of vessel-like or muscle-like structures.  

The viscoelasticity of PHMs might also offer advantages when utilizing them as 

3D, permissive scaffolds. For example, PEG-based PHMs generally exhibited soft, 

viscoelastic properties, which might be advantageous for modeling brain tissue where the 

amorphous material component dominates tissue mechanics. Additionally, brain-specific 

cell types have been shown to migrate and grow largely independent of adhesion forces17, 

and PHMs might be a useful platform to study those behaviors. As another example, 

dynamic hydrogels are known to facilitate the formation of vasculature in vitro18, 

suggesting the utility of PHMs for morphogenic processes like angiogenesis.   

 There is also room for improvement in PHM design. Both the MeHA fiber-based 

and PEG fiber-based PHMs are relatively static from a fiber-design perspective. One of 

the most common ways to introduce dynamic complexity into hydrogel fibers is to 

crosslink them using a molecule that is susceptible to enzyme-mediated degradation13. 

There are established crosslinkers designed to be cleaved by specific cell-secreted matrix 

metalloproteinases and can be incorporated into the electrospinning precursor solution to 

fabricate fibers that degrade over time in the presence of cells19. Engineering PHMs with 

controlled degradation profiles is an important step prior to in vivo work. PHMs have 

demonstrated mechanical stability due to their high degrees of interparticle interactions, 

so if they are designed such that they degrade and can be cleared by cells in vivo, it would 

enhance their utility as injectable biomaterials scaffolds. Relatedly, future in vivo work 

would enable evaluation of PHM performance as tools for regeneration and should 

logically follow further in vitro biological experiments – such as the aforementioned 
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possibilities. Overall, PHMs exhibit exciting potential as both injectable/extrudable 

biomaterials and 3D, permissive scaffolds, and future work will continue to demonstrate 

their utility in the tissue engineering and regenerative medicine space. 

 

8.2.3. A layer-by-layer biofabrication technology for achieving near-single-cell 

resolution in cell dense, macroscale tissue constructs 

 In Chapter 7, we sought to develop a biofabrication platform that allows arbitrary 

definition of cellular and material composition of 3D, macroscale constructs with 

microscale resolution that approaches near-single-cell level precision. To achieve this, we 

identified a potential strategy that leverages a layer-by-layer assembly of thin hydrogel 

scaffolds comprised of spatially-patternable electrospun fibers. These fibers were 

fabricated using both NorHA and MeHA, and enabled specification of the localization of 

biomolecules, cells, and materials through the thiol-ene reaction scheme. Preliminary 

photopatterning experiments revealed patterned features with high fidelity, with limitations 

of light-based spatial control occurring at feature sizes <70 𝜇m, which is within the same 

order of magnitude of most cell types. Through the same patterning process, except with 

the addition of a thiolated RGD peptide, cell localization was restricted to RGD+ regions, 

thereby demonstrating control over cellular architecture on a 2D scaffold.  

 To enable layering of these planar electrospun scaffolds to form a 3D macroscale 

construct, thin films of cyclic olefin copolymer (COC) were identified as the support 

substrate for the electrospun fibers. COC films were ablated using a CO2 laser to yield 

void spaces for fibers to span across. These “unsupported” regions where fibers span 

across the void spaces allow direct contact of fibers following layering. They also allow 
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holes to be patterned into electrospun fibers that might form channels as multiple 

scaffolds with holes are stacked together20. Finally, since each layer of electrospun fibers 

can be independently processed, different photomasks can be utilized to pattern 

heterogeneity (that might relate to other layers) throughout 3D space following layering 

of individual scaffolds. This concept was preliminarily demonstrated using photomasks 

designed to pattern different features across 2 layers that come together upon layering to 

reveal the University of Virginia’s “Split-V” logo.  

 While the major steps required to achieve this biofabrication platform were 

established and preliminarily demonstrated here, there is still considerable work needed 

to fully establish this tool. First, and perhaps most importantly, the ability to control the 

localization of cells on fibers that span void spaces on COC films is a critical assumption 

using this system. This assumption is theoretically grounded in previous work that has 

demonstrated cells adhering to fibers that span wells in PDMS substrates21,22. Controlling 

the spatial localization of cells on independent layers would allow a “co-culture” system 

upon layering, but it is also desirable to control cellular heterogeneity on each layer. This 

might be enabled by subsequent thiol-ene reactions, or the use of the peptide system 

described in Chapter 3. Similarly, utilizing photomasks to introduce holes20 that can be 

aligned to form channels upon stacking would be advantageous to improve nutrient 

diffusion into the scaffold – a pervasive challenge in 3D hydrogels23. Finally, the layering 

concept was limited to 2 layers here; however, future work should include multiple layers 

to build out a construct from the bottom up to create 3D macroscale constructs with 

microscale resolution in the cellular and material heterogeneity.  
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 This biofabrication platform has exciting potential once it is fully developed with the 

future work suggestions described above. The ability to control the cellular and material 

profile of a 3D construct with high resolution would enable fabrication of tissue-mimetics 

with previously unrealized features. One possible example would be engineering artificial 

lymph node tissue. Lymph node tissue is highly regulated and possesses an innate 

reticular structure that could potentially be recapitulated with a layer-by-layer assembly of 

electrospun hydrogel fiber scaffolds24. The perivascular neural stem cell niche is another 

example of a tightly regulated tissue system that could benefit from a biofabrication 

platform that enables specificity of the material and cellular design. This niche controls 

how neural stem cells behave through its design and presentation of relevant signals25. 

Finally, from a translational perspective, muscle tissue is highly aligned and cell-dense, 

and in the event of a traumatic event like volumetric muscle loss, needs an exogenous 

scaffold to support regeneration16. This biofabrication platform should enable the creation 

of cell-dense constructs by allowing cells on each layer to become confluent prior to 

layering, and if the electrospun hydrogel fibers contain a protease-sensitive crosslinker19, 

then the fibrous layers between cells would degrade over time. Overall, this biofabrication 

platform is an innovative and exciting new tool for engineering tissue models with precise 

control over the material and cellular composition in 3D, macroscale constructs, with 

considerable possible applications in the tissue engineering and regenerative medicine 

spaces.  
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