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Chapter 1:

Go with the flow: granular materials
and polyelectrolytes for injectable
hydrogel applications

Part 1: Granular materials for injectable hydrogel applications

Granular materials are a promising platform for a wide range of biomedical applications. These are 

systems in which particles are packed together to form a solid-like material. However, upon application 

of a force, these particles can rearrange and become a fluid-like material. Due to this behavior plus 

properties such as micro-scale porosity, this class of materials is a promising platform for injectable 

hydrogel systems commonly used for 3D bioprinting of in vitro tissue models or for delivery of 

therapeutics or cells to a wound within the human body in a minimally-invasive manner. The inherent 

microporosity that is formed allows for sufficient oxygen and nutrient diffusion, helping to maintain high 

cell viabilities. These types of systems have been made using an interesting class of polymers known 

as polyelectrolytes, charged polymers that can be used to form responsive materials but also have 

inherent dynamic bonding properties. This background chapter describes factors that modulate jammed

granular material properties, methods that have been used to alter granular systems to enhance 

stabilization and cell viability post-extrusion, and polyelectrolyte behaviors and how these behaviors 

have been used in injectable material design.

Granular material formation, jamming transition, and properties

Granular materials are typically composed of particles greater than 1µm in diameter1, and are created 

using several techniques, with the two most used techniques being through microfluidic devices and 

batch emulsification. Microfluidic devices can be used, where an aqueous phase and an oil phase are 

pumped through separate channels into a connecting channel, formulating an aqueous particle 

surrounded by an oil phase. Upon crosslinking, these particles can be removed from oil. This technique
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is conducive to formulating a monodisperse, or roughly equivalent size, population of particles. Through

careful design of the microfluidic device, core-shell particles can be produced, with several applications 

in drug and cell delivery as well as 3D printing. Non-spherical particles, such as rods2–4 and crescent 

moon-shaped particles5, have been previously made using microfluidic devices. Batch emulsification, 

on the other hand, entails mixing of an oil phase with an aqueous hydrogel pre-cursor phase using an 

overhead stirrer6 or stirbar7,8. This generally produces a polydisperse, or broad distribution, of particle 

sizes. Multiple types of crosslinking mechanisms have been used to formulate microgels with batch 

emulsification such as click chemistry reactions requiring UV light, or thermal transitions found 

commonly in materials like gelatin.

Particulate systems are considered jammed when particles are in contact with neighboring particles9,10. 

This is known as the jamming transition. This jamming transition can be reflected as an inflection point 

when examining viscosity as a function of particle concentration. As viscosity reaches the jamming 

transition, a sharp rise in viscosity with further particle concentration can be seen11. This is due to 

restricted movement of particles by neighboring contacting particles. When this jamming transition is 

exceeded in terms of particle concentration, a variable known as the yield stress comes into play. Yield 

stress is defined as the minimum stress needed for a material to yield. For particles to successfully 

rearrange and fluidize, a stress greater than the yield stress must be applied to break interparticle 

contacts12. As described in further detail below, these interparticle contacts as well as properties of 

individual particles dictate bulk rheological, mechanical, and microstructural properties. Specifically, 

these variables include particle size polydispersity, particle stiffness, particle size, and attractive or 

repulsive interactions amongst particles.

Polydispersity has been studied in jammed particle systems and found to have an effect on bulk 

rheological properties. In discussing jammed particle systems, polydispersity (PDI) refers to the 

distribution of particle sizes and is calculated as follows:

PDI=( σ
2a)

2

Where σ is the standard deviation of the particle size distribution, and α is the mean particle diameter13. 

As PDI becomes larger, the more polydisperse the particle system is. Monodisperse particles, where all

particle diameters are roughly equivalent in size, can crystallize when packed as ordered lattices can 

be formed through events such as shearing14,15. These crystalline structures can alter mechanical 

properties such as stiffness, and potentially flow as these structures would need to be broken up to 

allow for particle rearrangements to occur. Polydisperse packings, on the other hand, can inhibit 

crystallization and higher packing densities can be achieved. Crystallization is inhibited due to the 
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broad range of sizes. Higher packing densities can be achieved due to smaller particles taking up pore 

spaces created by larger particles14. Thus, higher viscosities and bulk stiffnesses can be seen in 

polydisperse jammed particle systems.

Particles of high stiffnesses were initially studied in these systems and are referred to in the literature 

as hard particles. Due to the high stiffness, a maximum packing density exists, and has been calculated

to be 0.64, assuming a monodisperse particle population16,17. This is due to the lack of deformation that 

the particles can undergo. However, if softer microparticles are packed together, facets can form due to

the enhanced elasticity of the softer polymer network, and thus the highest packing density that can be 

achieved can exceed that of hard particles. The increase in facet formation increases friction between 

particles18, leading to higher critical yield values regardless of particle size19. In a previous study, 

microgel stiffness was also found to play a role in energy dissipations, measured from the loss modulus

curves, where higher stiffness led to lower dissipation with no trend found in microgel size. Additionally, 

an increase in particle stiffness has been found to lead to a general increase in bulk stiffness19.

Generally, as soft particles continue to deform and reach high packing densities, the mechanics of 

these particle systems can reach those of continuous hydrogels. This can be explained by the rubber 

elasticity theory, explained by the following equation:

G=υ kBT=C[ N a

MmN ]kBT

Where G is shear modulus, υ is the number density of chains, C is the polymer concentration, Na is 

Avogadro’s number, Mm is monomer molecular weight, and N is the number of monomers present in 

the polymer between crosslinks10,20. In short, as polymer concentration in a hydrogel increases, shear 

modulus linearly increases. In several studies, the correlation of shear modulus to microgel 

concentration has been observed10,21. This can occur regardless of microgel size10.

Particle size can play a role in rheological properties, but under specific conditions. In one study, 

colloidal-scale and granular-scale microgels were prepared and examined for changes in rheological 

properties as a function of size. Interestingly, even though colloidal-scale particles are susceptible to 

Brownian motion, both length scales generally lead to similar properties when subjected to low strains 

and frequencies. Under flow conditions, however, differences arose due to the inherent nature of the 

particles, where granular-scale particles are ‘fuzzy’ with loose polymer ends surrounding a denser core 

of crosslinked polymer, whereas colloidal-scale particles are instead separated by a solvent layer, 

leading to increased interparticle friction in packed granular-scale particles that is not present in 

colloidal-scale systems10. Another study specifically examining granular-scale particles, size played a 
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minor role in altering properties such as critical yield strain and energy dissipation, but this was 

primarily in stiff-particle-based systems19.

Particle size can impact cell behaviors. In one study, particles comprised of poly(ethylene glycol)-vinyl 

sulfone were prepared and crosslinked together. In scaffolds made up of smaller microparticles, 

mesenchymal stromal cells had a higher density compared to that of scaffolds prepared with large 

particles. Interestingly, macrophages took on an inflammatory phenotype when added to small particle-

based scaffolds, and a non-inflammatory phenotype in the large particle case22. In another study, 

researchers examined cell behaviors in packed spheres made up of collagen-coated polystyrene with 

varying sizes. It was found that at the smallest tested spheres, between 14 and 20μm in diameter, cells 

would often detach from the particle surfaces, whereas when particle diameters ranged from 38-85μm, 

cells were able to proliferate23. These works illustrate how particle size may need to be considered 

when designing microgel-based materials for in vitro model or injectable hydrogel development.

Lastly, interparticle interactions can play a role in bulk mechanical and rheological properties. Particle 

interactions can be classified as repulsive or attractive. Phase diagrams have been previously reported 

to illustrate changes in variables affecting this transition24,25. To test this, some studies have used 

emulsion systems, which have been shown to behave similarly to particle-based systems. In a study on

attractive emulsion systems, change of interaction strengths produced different rheological properties in

the bulk system, such as two-step yielding for intermediate interaction strengths, repulsive glass 

behavior caused by electrostatic repulsions and steric effects, and gel-like behavior when interparticle 

interaction strengths were high26.  These interparticle interactions have also been shown to impact 

microstructural properties, where greater interparticle attractive forces can lead to the formation of 

clusters that can then lead to changes in pore size distributions25,27.

Jammed granular materials have properties necessary for injectable materials applications

Jammed granular materials encompass two key requirements for injectable materials, namely shear-

thinning and self-healing behaviors. Shear-thinning refers to the decrease in viscosity with shear rate, 

and self-healing refers to the ability of a material to reform broken bonds and retain original mechanical 

properties post-deformation. These behaviors are achieved in granular systems through particle 

rearrangements and caging dynamics. To induce flow in a packed system, as described above, a 

sufficient force, generally one past the yield stress, must be applied to the granular system. This force 

enables particle rearrangements to occur and thus for the material to flow and exhibit shear-thinning 

behaviors.  Self-healing is achieved through the re-establishment of contacts between neighboring 

particles as an applied force is removed9. As described in the section above, these interparticle 

contacts are key to forming a solid-like material out of particles.
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Jammed particle systems have been used previously in many 3D printing applications due to these 

inherent shear-thinning and self-healing behaviors. A technique known as embedded 3D printing, 

where an ink is printed into a support hydrogel or suspension bath, takes particular advantage in using 

jammed particle-based materials. As an ink, microparticles made up of materials like modified 

hyaluronic acid (HA)28, gelatin29, and poly(ethylene glycol) (PEG)30 have been used and shown to 

produce good filament formation and maintain shape post-extrusion, crucial properties for 3D printed 

scaffolds. When using a technique like embedded 3D printing, in which an ink is printed into a support 

material and requires the same behaviors as for printing inks, granular materials have been 

successfully used. Supports comprised of gelatin fragments31,32 and Carbopol9 were used to print 

intricate or complex constructs that would otherwise be difficult to print using a traditional layer-by-layer 

printing technique. These could be achieved due to the shear-shinning and self-healing behaviors to 

allow for ink to be deposited and then encapsulated by the microparticle-based support.

In traditional continuous or bulk hydrogel systems, both shear-thinning and self-healing behaviors have 

been achieved in a multitude of ways and can be included as part of a jammed particle system. One 

commonly used method is through the incorporation of reversible or dynamic bonds. These bond types 

can be easily broken upon the application of a force, but due to affinities, can easily reform upon 

removal of this force. For example, guest-host bonds such as adamantane and beta-cyclodextrin have 

been added to polymers such as hyaluronic acid8 include more detail?. Hydrazone bonding has been 

utilized as well, where aldehydes can interact with hydrazide or other amine-containing groups. This 

has been previously demonstrated in HA-based systems33,34, as well as in xanthan-PEG hydrogels35, 

poly(ethylenimine)-PEG hydrogels36, and PEG-maleimide microgels37. Electrostatic interactions have 

been employed as well for creating dynamically-bonded systems. As the name suggests, positively-

charged and negatively-charged polymers can interact and form a gel, or a charged molecule can 

interact with a polymer of an opposing charge. A well-known example is alginate. Alginate is derived 

from seaweed and can form a gel upon the addition of calcium chloride. The calcium ions form a 

distinct ‘egg-box’ bond between alginate groups, thus forming a hydrogel. This bonding has allowed for 

the use of alginate in 3D printing applications, as the polymer chains can disassociate during extrusion 

then reform into a network after extrusion38,39.

These reversible bond types can be incorporated into microparticles as well to help stabilize the 

particles further at rest. For instance, HA-based particles made to promote hydrazone bonding between

particles were formulated for vocal fold regeneration. Vocal folds are soft tissues, and thus to effectively

regenerate this tissue, careful design of the injectable hydrogel system must be carried out. The design 

of hydrazone-bond-based particle system allowed for control over factors such as degradation and bulk

mechanical properties40. In another study, particles made up of PEG-maleimide were formulated to 
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induce guest-host bonding between particles. This study also examined particle processing effects, 

comparing spherical microparticles to fragmented particles. The authors found that spherical particles 

enhanced self-healing behavior that was not observed in the fragmented granular system. This guest-

host particle system showed promise in cell delivery applications, specifically for pancreatic islets as a 

treatment for diabetes37.

Secondary crosslinking reactions can also be used to further stabilize particles post-printing or injection.

These crosslinking reactions typically use a technique like UV crosslinking, where particle formulations 

are made with photoinitiators that can quickly crosslink particles together upon UV exposure. In 

Chapter 2, we see this play out using a dilute photo-curable HA-based solution. Other materials, such 

as microporous annealed particles (MAP)41, have successfully used a technique where excess reactive 

groups coat the outer edge of the microparticles. These reactive groups can then be used to form 

covalent crosslinks between particles via UV exposure. In 3D printing, perfusable channels were 

printed into a support bath comprised of gelatin microgels with a continuous gelatin interstitial solution. 

This interstitial solution was enzymatically-crosslinkable through the addition of transglutaminase that 

over time post-printing would facilitate stabilization of the support bath and then enable subsequent 

evacuation of the printed ink to leave behind a perfusable channel32.

Particles can be made up of cells rather than hydrogels, and similar stabilization processes described 

above can be used for these cell-laden particles. Particles made up of embryoid bodies were mixed 

with a temperature-responsive ECM solution. When kept at low temperatures, this ECM solution is in a 

liquid-like state, and printing of complex networks resembling vasculature could be printed. Upon 

heating to physiological temperature, the interstitial ECM gelled, and the ink could be evacuated, 

leaving behind an open, perfusable vascular-like network42. Similarly, pre-vascularized spheroids made 

up of human mesenchymal stromal cells (MSCs) were combined with fibrin and methacrylated gelatin 

(GelMA) to create an injectable system for bone tissue engineering43.

Another key aspect to injectable materials and inks is shear-protection, and this can be provided via 

dynamic bonds. Essentially, for a cell-laden 3D printed construct or cell delivery system to be effective, 

viability post-extrusion is a crucial factor. To enhance shear-protection, shear-thinning materials are 

often used. The shear-thinning behavior allows for stresses that come from the extrusion process to be 

experienced by the materials, thus offloading stress from cells onto the surrounding hydrogel material. 

It was found that extensional flow is a key contributor to cell death immediately post-injection, as 

opposed to shear forces or pressure drop across the nozzle. To alleviate the damage caused by 

extensional flow, the researchers found that alginate hydrogels could be used as these hydrogels could

possibly undergo ‘plug flow’ where the perimeter of the hydrogel experiences shear and extensional 

forces, but the interior maintains a gel-like state. This is commonly observed behavior amongst 
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hydrogels with dynamic bonds44. Other engineered hydrogels that have been designed and achieved 

high cell viabilities post-injection include double-networks45,46, HA modified to use hydrazone bonding33, 

and hydrogel-nanoparticle composites47.

In granular systems, cell viability has been found to depend on both particle properties and interparticle 

interactions. In a recent study, methacrylated HA-based particles were created via covalent crosslinking

with dithiothreitol. Dynamic interparticle interactions were established using guest-host chemistries of 

added adamantane and cyclodextrin. The end application for this particulate system was 3D bioprinting 

of stem cells. The researchers found via rheological testing that the yield stress of the granular system 

must exceed the force required to break the dynamic guest-host bonds for cell viability to be high8. 

Thus, interparticle interactions as well as particle mechanics are important considerations to designing 

injectable granular systems.

Part 2: Polyelectrolytes to engineer injectable materials

Polyelectrolytes are a class of polymers containing charges along the polymer backbone, and are found

throughout the human body, making them extremely relevant for the development of in vitro tissue 

models. For example, hyaluronic acid, a major component of the extracellular matrix, is negatively 

charged and therefore can keep water within a tissue. Proteins often contain charged moieties that aid 

in protein conformation that is crucial to proper functioning. Thus, polyelectrolytes are a common 

material to use in developing hydrogels for tissue engineering applications. Due to the presence of 

charges along the polymer chain, polyelectrolytes are frequently used in applications where dynamic 

electrostatic interactions can be used.

In general, polymer chains consist of length scale units called blobs. These are generally defined as the

unit of polymer within which thermal energy dominates48. Blobs though can take on different definitions. 

For example, correlation blobs are used when discussing polymers in semidilute conditions, which 

differs from a thermal blob. Polyelectrolytes are discussed in terms of electrostatic blobs, the size of 

which can be described with the following equation when the polymer is in an ideal conformation:

De≈b ge

1
2

Where De is the size of the electrostatic blob, b is segment length, and ge is the number of monomers 

within the polymer chain49. Within an electrostatic blob, thermal energy dominates and electrostatic 

interactions do not play a role in polymer chain conformation at this length scale. When length scales 

exceed this blob size, electrostatic interactions dominate, and the electrostatic blobs are thus arranged 
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linearly due to electrostatic repulsion when in a salt-free environment49,50, in contrast to non-

polyelectrolyte polymers which, depending on the solvent, can take on a number of conformations from 

aggregates to extended chains48.  Due to the presence of charged groups along the polymer backbone,

polyelectrolyte chains take on conformations that more closely match those of non-polyelectrolyte 

polymers when salt concentration increases, causing charges on the polyelectrolyte to be shielded, or 

pH is altered towards the isoelectric point of the polyelectrolyte49,50. Thus, these two variables are often 

considered when designing polyelectrolyte-based biomaterials.

Another consideration that can factor into polyelectrolyte-based biomaterial design is the dissociating 

groups along the polymer backbone. These dissociating groups are categorized according to the 

strength of dissociation of the group or pKa value and can have an impact on polyelectrolyte hydrogel 

properties. Strong cationic groups include ammonium-based groups. Weakly cationic groups can 

include moieties such as amines or pyridines. Weakly anionic groups are typically carboxylic acids. And

strongly anionic groups would be those comprised of sulfonic acids51,52. The primary difference between

weak and strong groups is environmental sensitivity. Strong polyelectrolytes always maintain their 

charged state. Weak polyelectrolytes can change their conformations and subsequent behaviors in 

response to stimuli such as changes in pH51,53, and thus make this category of polyelectrolytes useful in 

applications requiring a stimulus response.

Polyelectrolyte processing methods

Processing and uses of polyelectrolytes, like other hydrogel materials, can be broadly fit into four 

categories depending on the end-application: 1) gels, 2) polymer brushes, 3) fibers, and 4) 

microparticles. These are discussed in further detail below.

Gels:

Similar to other hydrogels, polyelectrolytes can be modified to include crosslinking mechanisms to form 

a gel. Coacervates can be formed through adding a polycation and polyanion together in equivalent 

amounts so as to neutralize charge. Coacervate gels are thus inherently injectable, as electrostatic 

interactions are dynamic in nature. For example, a triblock copolymer containing pyridine groups was 

added to a solution with a polyanion. Without an electrophile in solution, the pyridine groups remain 

uncharged and the coacervate remained in a liquid-like state. When gelled in the presence of an 

activator, the material was demonstrated to have good injectability and self-healing behaviors. This 

material was also degradable in vivo54. In another study, silica nanoparticles were functionalized with 
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poly(ethylenimine). These particles were combined with HA, forming a composite coacervate hydrogel 

system. These gels were shown to be self-healing and shear-thinning. These hydrogels could be 

loaded with a cancer therapeutic at high loading efficiencies in the presence of the silica nanoparticles, 

and could subsequently be release from the hydrogel over time55.

Naturally-occurring polyelectrolytes have also been modified to include other modes of crosslinking to 

form hydrogels. For instance, HA has previously been modified to include a norbornene group onto the 

N-acetylglucosamine group along the backbone56. This addition of a norbornene moiety allows for the 

HA chains to be covalently crosslinked in the presence of UV light with a dithiol crosslinker. This 

norbornene-modified HA has been used in numerous studies for tissue engineering applications, 

ranging from forming microgels for injectable applications28,57 to cartilage tissue engineering58, to 

forming vasculature via formation of an interpenetrating network with collagen59.

Polyelectrolytes have been previously modified to include moieties to enhance antimicrobial activity for 

treating wounds or antibiotic-resistant bacteria. In one study, chitosan, a naturally occurring cationic 

polysaccharide, was modified to include quaternary ammonium groups that could also interact with 

carboxylic acid groups on gelatin. This composite hydrogel was able to prevent both gram-positive and 

gram-negative bacteria from proliferating, showing enhanced antibacterial properties60. In another 

study, a multifunctional injectable hydrogel for wound recovery applications was formulated to include 

ionic linkages to provide antibacterial properties and tissue adhesion. This was achieved through the 

addition of a quaternized chitosan to give antibacterial properties and the researchers showed 

effectiveness against methicillin-resistant staphylococcus aureus (MRSA) in a mouse model. Because 

tissues are generally negatively-charged, the positive charges of the hydrogel aided in tissue adhesion, 

facilitating wound healing in rat tail amputation models61.

Polymer brushes:

Polyelectrolyte chains can adsorb onto oppositely-charged surfaces. This behavior can be used to form

polyelectrolyte multilayer materials, where polyanions and polycations are alternatingly added to a 

substrate, or to form polyelectrolyte brushes. When a polyelectrolyte adsorbs onto a surface, parts of 

the chain adhere to the surface, while other parts of the polymer chain remain in solution in the form of 

loops and tails. This introduces another blob known as an adsorption blob, the size of which is 

described by the following equation when in a good solvent:

ξads=
b

ε
3
2
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Where ξads is the adsorption blob size, b is the Kuhn length, and ε is related to the number of monomers

within the polymer chain48. Typically, when several polymer chains adsorb onto a surface, polymer 

concentration is highest at the surface and decreases as the length from the surface increases. This is 

described as by the following equation:

Γ=b−2(
b
ξads)

2 v−1
v

Where Γ is the concentration, b is the polymer Kuhn length, ξads is the adsorption blob size, and v is an 

exponent related to solvent conditions48.

When polymer concentration is sufficiently high, a conformation known as a brush can be formed. This 

occurs due to increased steric and repulsive interactions between polymer chains. For polyelectrolytes, 

assuming good solvent conditions, this critical grafting density is characterized by the following 

equation:

σ*~b−2N
−6
5

Where σ* is the critical grafting density, b is the Kuhn length, and N is the number of Kuhn length 

segments62.

Polyelectrolyte brushes have been used in a multitude of applications. One of these applications is in 

mimicking synovial fluid. In one study, a zwitterionic-based polyelectrolyte brush was formed onto 

microgels made up of poly(N-isopropylacrylamide) (PNIPAAm) to imitate synovial fluid. Because 

polyelectrolytes are generally hydrophilic, these brush-architectures thus are important for creating 

such a surface. In addition to materials exhibiting decreased friction with the addition of the zwitterionic 

brush layer, cell viability amongst these particles was measured and found to be high, thus leading to 

additional biomedical applications63.

Charges from polyelectrolyte brushes can be used to facilitate drug delivery via electrostatic 

interactions with the drug cargo. In one study, a block copolymer was synthesized with grafted 

poly(lactic-co-glycolic acid) (PLGA) chains. PLGA is an anionic polymer, and the inclusion of this 

polymer allowed for the electrostatic interaction with cationic proteins used for cancer treatments. This 

technology also improved stability of the protein, and in turn enhanced efficacy when tested against 

cancer cells64.

Polyelectrolyte brushes can be used to form antifouling surfaces. Antifouling surfaces are important in 

many biomedical applications as fouling behavior often leads to problems such as a foreign body 

response. To create an antifouling surface, polyelectrolytes were designed to switch between cationic, 
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anionic, and zwitterionic states. This flexibility in charged states allowed the material to have enhanced 

antifouling properties65.

Fibers:

A common method to process polymers to mimic the fibrous nature of native ECM is to create fibers. 

Several techniques can be used to achieve this, the most common being electrospinning. To create 

electrospun fibers, a polymer solution is created containing the polymer of interest plus good solvents 

and optionally viscosity agents. The solution is then added to a syringe and placed onto a syringe 

pump. An electric field is applied to the solution and to a collector to facilitate fiber formation. Fibers 

from the syringe then travel to the collector in a whipping fashion, drying out along the way, and deposit

onto the collector66. If needed, crosslinking of the polymers can be achieved post-spin if the polymer is 

water-soluble.

An example of using polycationic fibers is for antibacterial wound dressings. In a recent study, N,N-

dimethyl epoxypropyl octadecyl ammonium chloride, or QAS, was grafted onto gelatin. This molecule 

has antibacterial properties. The addition of QAS produces a positive charge along gelatin chains. This 

material was successfully electrospun into nanofibers, with transglutaminase being used to crosslink 

the gelatin chains together. This material was shown to have a good cytocompatibility, thus 

demonstrating its potential use for wound dressings67.

Polyelectrolytes are inherently pH-sensitive, and thus can be used for applications requiring this 

property. To create fibers, two oppositely charged polymers, poly(allylamine hydrochloride) and 

poly(acrylic acid), were mixed, forming a complex. This complex solution could be successfully 

electrospun into nanofibers, and these fibrous membranes were then tested to assess pH sensitivity. 

These fibers could swell and deswell with the fluctuation of pH, thus leading to potential applications in 

drug delivery or tissue engineering68.

NorHA fibers have been electrospun into nanofibers and used to formulate fibrous hydrogels. After 

electrospinning, NorHA fibers were segmented to create short fibrous components. Fibers could be 

crosslinked at different densities to form fiber-based hydrogels. These materials showed strain-

stiffening behavior, thus mimicking a characteristic found in native tissues. When mesenchymal stromal

cells were seeded into these constructs, the cells could contract the material macroscopically. To 

further understand applications in biofabrication, fiber alignment could be achieved via shear, and 

exhibited shear-thinning and self-healing behaviors, pointing towards future applications in bioprinting69.

Particle-based materials:
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As stated earlier, microparticles can be formed using a variety of techniques like batch emulsification or

microfluidic devices. This still applies for polyelectrolyte-based microparticles. As discussed in Part 1, 

interparticle interactions dictate bulk rheological properties. This can be achieved in a jammed 

polyelectrolyte-based particulate system by simply using particles of opposing charges to induce 

changes in rheological or bulk mechanical properties. Because these are polyelectrolytes, the effects of

salt concentration and pH on polymer conformation are still present.

Polyelectrolyte-based particles were formulated and used to study the effects of polyelectrolyte-based 

particles on cell viabilities and proliferation as well as to further understand the role of polyelectrolyte 

charges when particles are in a state known as ‘near-jamming’. Particles comprised of PNIPAAm were 

created via precipitation polymerization. Further modification was done to create cationic, anionic, and 

zwitterionic particles. Rheologically, both anionic and cationic microgels scaled with traditional 

polyelectrolyte scaling laws when in a high salt environment, while no change in properties of the 

zwitterionic microgels took place at a specific salt concentration. Cell culture experiments showed good 

viability and proliferation in supports with anionic and zwitterionic microgels, whereas cationic microgel-

based supports were considered cytotoxic12.

Colloidal gels comprised of gelatin type A particles were created and used to study endothelial 

morphogenesis. As is well known in the biomaterials community, vascularization of biomaterials is a 

major hurdle necessitating extensive work in the development of support constructs that can facilitate 

vasculature formation. One way to do so is through colloidal particles that can form a gel. To tune 

microstructural and mechanical properties of these colloidal gels, gelatin type B particles, poly(acrylic 

acid) (PAA) solution, and sodium salt solution were separately added to gelatin type A particles. The 

interaction of oppositely charged particles lead to confined vascular networks, whereas colloidal 

particles with PAA produced an interconnected endothelial network70. A similar study using gelatin type 

A and type B particles to form a colloidal gel showed stress relaxation values similar to what is 

achieved in vivo71.

Another study focused on the formulation granular-scale particles to form an injectable therapeutic 

system for stimulating nerve outgrowth. Chitosan and gelatin were both modified via methacrylation to 

facilitate crosslinking to form microparticles. Chitosan retained its cationic nature, whereas this reaction 

with gelatin produces a negatively-charged polymer. This synthesis thus allowed for electrostatic 

interactions between the two particle populations. To test drug release, nerve growth factor (NGF) 

concentration over time was measured and it was found that these microparticle-based materials could 

release NGF over time. In vivo studies demonstrated improved nerve outgrowth72.
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Chapter 2:

Printing particles into particles:
Achieving small perfusable channels and other 
small features

Introduction

To mimic complex human tissues, with their finely detailed and interlocking architectures reflective of 

tissue functions, 3D bioprinting techniques have been in development. These techniques enable 

multiscale control over construct complexity, from macroscale structure to microscale composition, and 

spanning a large range of tissue mechanics. Some examples include bioprinting of bone tissue, where 

porosity can be included to form trabeculae-like structures found in native bone1–4. Intestinal in vitro 

models have been fabricated with villi-like and crypt-like features through careful design of hydrogel 

materials for layer-by-layer (LbL)5–8 and stereolithographic printing techniques9,10. While the multiscale 

nature of 3D bioprinting has enabled the fabrication of a variety of tissue-like constructs, some 

challenges remain. For instance, some features like individual cell-laden droplets can be difficult to 

incorporate within an LbL printed construct. The ink must also be able to withstand gravity, otherwise 

the printed construct can collapse. This limits the materials available and requires specific mechanical 

properties for bioprinting inks, where softer inks are preferred for soft tissues. As a result, 3D bioprinting

requires further refinement.

Embedded 3D printing (e3DP) is a spin-off of the traditional bioprinting approaches that solve some of 

disadvantages with LbL printing11–13. To achieve complex, heterogeneous structures typically difficult to 

print, e3DP uses a support material to, as the name suggests, support extruded ink filaments, acting as

a 3D canvas. These supports vary in material choice, from synthetic polymers like UV-curable 

Pluronic13 to natural materials like modified hyaluronic acid14 and composite ECM-based materials15 but 

generally have two crucial rheological properties: 1) shear-thinning behavior, and 2) self-healing 

behavior. As an ink moves through the support, the support must flow to accommodate the moving 
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printing nozzle and extruding ink, but upon removal of the nozzle, the support needs to re-solidify to 

encapsulate the ink. To achieve these properties, bond types can be modified. Bond types like guest-

host create a permissive environment, where bonds are readily and easily broken and reformed14, thus 

satisfying both support requirements.

Another subset of permissive materials is packed granular microgels11,12,16. Granular microgels have the

rheological properties crucial for embedded 3d bioprinting when jammed i.e. packed together. In their 

jammed state, when particles are in contact with other particles17,18, this material behaves like an elastic

solid when at a standstill. A force is required to break the particle network and fluidize the support. 

Upon cessation of this force, the particle network reforms, resolidifying the support11,18. These are 

advantageous transitions for bioprinting inks and supports. Because microgels are discrete pockets of 

polymer network, extrusion forces on a granular ink are lower compared to their bulk hydrogel 

counterparts19. These microparticles can be stabilized through a secondary crosslinking reaction with 

one another20 or through an interstitial material21, providing a method to maintain shape fidelity of the 

ink and provide more structure to the support. Previous studies have demonstrated these advantages 

in practice, printing retrievable objects from a gelatin slurry12, printing of perfusable channels using 

gelatin-based fragments21 and organoid bodies as the support material22, and printing fine features into 

a Carbopol-based support11. A limiting factor to be considered, however, when using granular microgels

lies in resolution, where the diameter of the microgels plays a significant role22.

By utilizing the advantages of jammed granular microgels and controlling particle diameters towards 

and within the single-digit micron range, we demonstrate the printing of high-resolution, complex 

features within a biopolymer-based support by extruding a jammed microgel ink into a jammed microgel

support. Here, we use two commonly used biopolymers: gelatin and hyaluronic acid (HA). Gelatin is 

widely known for its thermal gelation that can be exploited for use as a removable ink. HA, found in 

tissues like the brain and articular cartilage to name a few, was modified with a norbornene group 

(NorHA) to facilitate crosslinking via UV light. Both materials were made into microgels and then 

jammed to form a gelatin ink and NorHA support. We show that the gelatin ink can be extruded into the 

NorHA support to form perfusable channels, high resolution voxel-esque depots with controllable 

spacings, branching structures, and depots surrounding a filament. We also illustrate that fibroblast 

viability can be maintained or enhanced in a thick perfusable scaffold compared to a non-perfusable 

construct, and that endothelial cells can be added to a perfused channel, forming a cell-lined channel.
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Methods

Synthesis  

NorHA was fabricated using a previously described method23. Briefly, sodium hyaluronate was mixed 

with Dowex resin for 2-3h, followed by filtration and pH correction to roughly 7 to fabricate HA-TBA. 

Post-lyophilization, HA-TBA modification was measured using H1 NMR. Based off this modification, HA-

TBA was then reacted with 5-norbornene-2-carboxylic acid to form NorHA through an esterification 

reaction with di-tert-butyl decarbonate and 4-dimethylaminopyridine. The degree of modification was 

calculated based on H1 NMR spectra to be 12-15% (SI Fig. 1).

Support Medium and Granular Ink Preparation

A precursor 3 wt% NorHA solution was prepared in PBS containing 0.157 mg/mL, 0.313 mg/mL, or 

0.626 mg/mL dithiothreitol (DTT, Sigma) and 6.6mM lithium phenyl-2,4,6-trimethylbenzoylphosphinate 

(LAP, Sigma). The alterations in the DTT concentrations lead to crosslinking densities of 2mM, 4mM, 

and 8mM of norbornene groups consumed in the crosslinking reaction, and the materials are referred to

as NorHA-2, NorHA-4, and NorHA-8, respectively. This NorHA solution was homogenized in light 

mineral oil with 2% Span80 (Sigma) for 2 minutes at 3000rpm, followed by UV curing for 5min at 

approximately 10mW/cm2. The microgels and oil were then stirred at 1000rpm with isopropanol to begin

de-emulsification. After stirring, the mixture was filtered over a 0.22μm hydrophilic PVDF membrane 

(Durapore, Millipore). Microgels were washed an additional two times over the filter with isopropanol. 

After filtering, the microgels were left to dry then added into a 50mL conical and vortexed with 70% 

ethanol and placed on a rocker at least overnight. To finish processing, microgels were washed with 

PBS four times using centrifugation to ensure ethanol removal and equilibration in PBS. Microgels were

then filtered over a 40μm cell strainer and stored at 4oC until needed.

To prepare the NorHA support, the NorHA microgels were centrifuged at 3214xg for 10 minutes, and 

PBS was decanted. A small volume of PBS was then added back to loosen the microgel pellet, and the 

microgels were then aliquoted into Eppendorf tubes, and centrifuged at 5283xg (7500rpm) for 5 

minutes. Again, excess PBS was removed. A 1% NorHA solution was prepared in PBS with 

0.625mg/mL of an MMP-degradable dithiol crosslinker (GCNSVPMSMRGGSNCG), previously 

synthesized using a peptide synthesizer (Liberty Blue), and 6.6mM LAP. This interstitial matrix was in 

approximate equal volume to the NorHA microgels in the Eppendorf tube. The microgels and interstitial 
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solution were vortexed for 20-30 minutes, then centrifuged at 5283xg (7500rpm) for 5 minutes. Excess 

1% NorHA solution was removed, and centrifugation was repeated if necessary.

Gelatin microgels were prepared using a modified method. A 15% gelatin solution in PBS and a light 

mineral oil solution with 2% Span80 were separately heated to 80oC. The oil was then added to the 

gelatin solution and immediately homogenized at 9000rpm for 2 minutes. The emulsion was then stirred

at 1000rpm until it reached room temperature. To prepare the gelatin-based ink, the microgels were 

jammed by centrifugation at 8000rpm for 2 minutes. A 1% HA (HA-500K, Lifecore) solution was 

prepared in PBS and then added in a volume equal to that of the gelatin microgels. All washing steps 

and storage conditions were the same as for the NorHA microgels.

3D printing device preparation

To create devices for printing perfusable channels, custom-designed molds and frames were designed 

using AutoCAD and printed using a Formlabs 2 printer. The design consists of three reservoirs in series

connected by channels. After printing, the molds were processed by soaking twice in isopropanol 

followed by post-curing at an elevated temperature for at least an hour. The mold was glued onto a 

glass slide, and a frame was secured onto the glass slide using binder clips. Sylgard-184 (PDMS) was 

prepared according to manufacturer’s instructions, where a 1:10 ratio of curing agent to base was 

mixed and then cast onto the mold devices and cured at 37oC overnight. After removal, PDMS casts 

and glass slides were adhered together via plasma treatment in air. Shortly after, these devices were 

placed into a solution of 1:200 v/v 3-mercaptopropyltrimethoxy silane (Sigma) to 200 proof ethanol for 

approximately 1 hour, then washed with ethanol and placed into 1M HCl for at least one hour prior to 

washing with DI water24.

Particle Size Analysis

NorHA microgels were tagged with a thiolated Rhodamine-B peptide via UV crosslinking, and gelatin 

microgels were prepared with FITC-dextran (2MDa, Sigma) added to the gelatin solution prior to 

homogenization. A Leica DMI-8 microscope was used to image the microgels using a 20x objective. 

Microgels were diluted with PBS and placed onto a glass slide. A coverslip was then placed over the 

microgels. The fluorescent images were thresholded in ImageJ, then the watershed function was used 

to separate contacting particles, followed by using the particle analysis function to obtain microgel 

diameters. Particles that were unable to be separated using the watershed function were discarded 
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prior to running particle analysis. Images of the undiluted jammed support were taken as well after 

compressing onto a glass slide with a glass coverslip.

Rheology

Flow, frequency, and strain sweeps were carried out on both the NorHA support medium and gelatin 

microgel ink. A parallel plate system was used, as this provides a gap 10x the microgel diameters25. To 

prevent wall slip, a sandblasted 20mm plate with a solvent trap was used as the top geometry, and 

sandpaper was placed on the bottom plate. Gap size was set to 500µm, and temperature was kept at 

20oC. Prior to each test, the NorHA support and gelatin ink were sheared for 150s-1 and 250s-1, 

respectively, to erase shear history or aging and reset the material. For flow sweeps, the shear rate 

was decreased from 500 s-1 to 0.001 s-1 with steady-state sensing with 5% tolerance over a 5s sampling

period and a max equilibration time of 60s. The stress to strain rate relationship was fit to the Herschel-

Bulkley equation:

τ=τ 0+k γ̇
n

Where τ  is stress, τ 0 is the yield stress, k is a consistency index, γ̇  is strain rate, and n is a constant 

describing shear-thinning, shear-thickening, or Newtonian fluid behavior. Frequency sweeps were 

carried out from 0.01 to 10Hz with an applied strain of 1%, and strain sweeps were done from 0.01% to 

500% with an applied frequency of 1Hz. For the NorHA support, a UV curing step was included using a 

quartz bottom plate. The test was conducted at room temperature with an applied strain and frequency 

of 1% and 1Hz. A delay time of 2 minutes was used to obtain pre-UV exposure storage and loss 

moduli. The material was exposed to UV light with an intensity of 10mW/cm2 for 60s. After UV 

exposure, the test was run for an additional ten minutes.

3D Printing

To create perfusable channels via 3D printing, devices were prepared as described earlier. The 

connecting PDMS channels were blocked with 15% gelatin to prevent NorHA support from flowing in 

during printing. The NorHA support was then added to the central reservoir. A gelatin ink was prepared 

and loaded into a 100µL Nanofil syringe. This was placed onto either a modified Felix 3.2 printer26, or a 

Felix bioprinter with custom-made clips designed in AutoCAD and printed with a Formlabs 2 printer (SI 

Fig. 5). Extrusion was controlled by varying the E value in the Gcode, and all prints were done using a 

feedrate of 50mm/min. A 26G needle was used for all prints except for the lowest flow rate tested, 
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where a 36G needle was employed. The NorHA support was then crosslinked via exposure to UV light 

at 10mW/cm2 for 1 minute. To remove the gelatin ink, the device was placed in a humidified 

environment at 37oC, with one side reservoir containing PBS to create a pressure gradient and facilitate

ink removal. Images were taken on a microscope with a 5x objective after printing, and after ink 

removal. Measurements of filament diameter, channel diameter, and perfusable diameter were made 

using ImageJ. Statistical analysis was done in OriginPro 8.1, with a one-way ANOVA and post-hoc 

Tukey test to determine statistical significance.

To print depots and other complex features, NorHA support was added to a PDMS holder, and gcodes 

were prepared. Gelatin inks with FITC-dextran (MW=2MDa, Sigma) or RITC-dextran (MW=70kDa, 

Sigma) were used for imaging purposes. After printing, images were taken on a DMI8 microscope 

(Leica) with a 5x objective.

Diffusion

Perfusable channels were prepared as described earlier. PBS in the reservoirs was replaced the next 

day and the device was allowed to sit for an additional 1h at 37oC prior to initiating the diffusion 

experiments. A 1µg/mL Rhodamine-B (Rho-B, Sigma) solution and a 0.112mg/mL fluorescein 

isothiocyanate-bovine serum albumin (FITC-BSA, Sigma) were prepared in PBS. The corresponding 

solutions were added in equal volumes to both side reservoirs, and either the microscope began 

continuous image acquisition for the Rho-B experiment, or timepoints of 1h, 3h, 6h, and 24h were taken

for the FITC-BSA experiment. Both experiments were carried out at room temperature. The 

fluorescence gradient of the solutions diffusing out of the channel into the peripheral support was 

measured using ImageJ.

Material Preparation for Cell Culture Experiments

The NorHA support and gelatin ink were prepared in the same manner as described earlier but steps 

after rehydration in 70% ethanol were carried out in a biosafety cabinet. The 1% NorHA matrix was 

made with complete fibroblast media and then sterile-filtered through a 0.22μm PVDF syringe filter. A 

thiolated arginylglycylaspartic acid peptide (GCGYCRGDSPG, GenScript) was added to the 1% NorHA 

to a final concentration of 1mg/mL. The 1% HA for the gelatin ink was disinfected via UV light. PDMS 

devices were disinfected by soaking in 70% ethanol after treatment with silane was complete.
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Proliferation and Viability in Thin Support Gels

3T3 NIH mouse fibroblasts were plated at a density of 2000 cells/cm2. Dulbecco’s modified eagle 

medium (DMEM) containing l-glutamine and high glucose was supplemented with 10% calf bovine 

serum and 1% antibiotic/antimycotic. Cells were then harvested using 0.05% trypsin in EDTA and 

centrifuged at 130xg for 5 minutes. Cells were resuspended to 100million cells/mL for cell culture 

experiments.

To assess cell viability within the NorHA support, cells were added to NorHA-4 support in ratios of 1:10,

1:20, and 1:50 volumetric ratios of the cell suspension to NorHA support, prepared as described earlier.

100μL of this cell-laden support was added to 48-wells and then cured at 10mW/cm2 for 60s. Complete 

media was added to each well. Proliferation was quantified using an alamar blue assay on days 1, 3, 5, 

7, and 9, with fold change calculated relative to day 1. The assay was prepared according to 

manufacturer’s instructions, where the assay was mixed with complete medium in a 1:10 volumetric 

ratio. This working medium was heated to 37oC prior to addition to the thin gel samples.

Effect of perfusion on viability of 3T3 fibroblasts in thick constructs

Cells were harvested and added to NorHA-4 support as described earlier. The printing device was set 

up as described earlier. The cell-laden support was then added to the central reservoir of the printing 

device, shown in Fig. 1B. To create non-perfusable constructs, the NorHA support was polymerized 

using UV light, as described earlier, and complete media was added to the side reservoirs and on top of

the support. Perfusable constructs were prepared by printing a filament into the cell-laden support, 

crosslinking the support, then the ink was evacuated upon placing the device into a 37oC incubator.

To run viability tests, the constructs were removed from the device and cut perpendicular to the channel

prior to staining with calcein blue AM (Invitrogen) and ethidium-homodimer 1. The cut constructs were 

first washed with DPBS, then a DPBS solution containing 20μM calcein blue AM and 4μM ethidium 

homodimer-1 (EthD-1) was added to the samples and placed in the incubator for at least 20 minutes. 

After incubation, samples were washed with DPBS then imaged in an inverted widefield microscope 

(DMi-8, Leica). For some samples, calcein AM and EthD-1 were used to stain perfused and non-

perfused constructs to obtain images in the longitudinal plane (SI Fig. 7).
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L  ining of an open channel with human umbilical vein endothelial cells  

Human umbilical vein endothelial cells (HUVECs) were cultured with the EGM-2 Bulletkit (Lonza). 

HUVECs were harvested at passage 5 using 0.025% trypsin in EDTA, followed by centrifugation at 

200xg for 5 minutes and counted using a 1:5 dilution with trypan blue.

To line an open channel, a perfusable channel was printed into an acellular NorHA-4 support as 

described earlier. The interstitial 1% NorHA was prepared with thiolated RGD (GCGYCRGDSPG, 
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GenScript) at a final concentration of 8mg/mL. The gelatin microgel ink used for this printing was 

prepared using a modified procedure with a lower interstitial HA content or approximately 0.5%. After 

ink evacuation, HUVECs were harvested and resuspended to 30 million cells/mL. Following a 

previously published protocol27, 5-10µL of the cell suspension was added to the channels, then the 

devices were placed in the incubator and were flipped every 30 minutes for 4 hours. This process can 

be seen in Fig. 1C. Media was then carefully added to the reservoirs. After approximately 24h, flow was

introduced by placing the devices on an orbital rocker.

Fluorescent imaging was done by staining the HUVECs with CellTracker Deep Red (Invitrogen) on D1 

and D3 post-seeding. The channels were washed with DPBS, then a roughly 5µM CellTracker Deep 

Red stain solution was added to each sample and the devices were incubated for 15 minutes at 37oC. 

This stain solution was then removed and replaced with DPBS. Channels were imaged on a widefield 

microscope (DMI 8, Leica) using a 10x objective.

Results and Discussion

Rheological properties can be tuned by adjusting microgel crosslinking density

Particle sizes and size distributions were

altered by modifying the crosslinking density of

the microgels (Fig. 2A and B). Particles were

first tagged with a thiolated Rho-B peptide then

imaged on an inverted widefield microscope,

as described in the methods section. All

particles were polydisperse, as expected given

the selected processing method. Interestingly,

with the increase in crosslinking density from

8mM to 4mM, the particle size distribution

broadened (Fig. 2B and Table 1). With this also

came an increase in average particle diameter

(Table 1). Both NorHA-2 and NorHA-4 particles

had nearly identical particle diameters and size

distributions (Fig. 2B and Table 1).

Qualitatively, crosslinking density impacted
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visual appearance, where the NorHA-8 jammed particles were opaquer compared to the less 

crosslinked particles (Fig. 2C).

Particles that comprise a jammed system

dictate the bulk rheological properties. Thus,

rheological experiments were conducted on

jammed particles systems comprised of

NorHA-2, NorHA-4, and NorHA-8 particles

(Fig. 3). Unidirectional shear data show yield

stress behavior for all particle systems (Fig. 3A), illustrated by the plateau in stress at low shear rates. 

This yield stress is dependent on the extent of NorHA crosslinking, with lower crosslinking leading to a 

linear decrease in yield stress. The Herschel-Bulkley equation was fit for all materials tested, with 

values located in SI Table 2.

The NorHA systems exhibited typical jammed microgel systems shown in the frequency sweeps (Fig. 

3B). Specifically, the storage moduli for the NorHA-4 and -8 systems are frequency-independent, while 

the NorHA-2 storage 

modulus shows a slight 

dependence on frequency. 

A clear characteristic 

minimum is present in the 

loss modulus, decreasing 

with decreasing 

crosslinking density of the 

particles.

Strain sweeps show that 

the storage moduli for all 

the NorHA systems are 

strain-independent at low 

strains (Fig. 3C). Then the 

material begins to yield and

eventually crossover with 

the corresponding loss 

moduli. The onset of the 

storage modulus yield 
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depends on the crosslinking density of the particles. As the particle crosslinking increases, the onset of 

yielding increases. The G’-G” crossover follows this trend as well.

Stiffness of the crosslinked microgel systems were expectedly dependent on crosslinking density of the 

microgels (Fig. 3D) since bulk properties are dependent on the microgel properties. All microgel 

systems were measured on a quartz plate and exposed to UV light for 60s at an intensity of 10mW/cm2.

Degradable crosslinker concentrations remained the same for all samples. Final modulus values 

ranged from approximately 450Pa for the NorHA-2 system to roughly 1700Pa for the NorHA-8 system. 

The crosslinked gels were significantly higher in modulus compared to their non-crosslinked 

counterparts (SI Fig. 2).

Particle size analysis and melting characteristics of the gelatin ink formulation were also assessed. The 

gelatin microgels had an average diameter of 4.6 ± 3.77 µm with a CV of 82% (Fig. 4A and 4B, and 

table 1), indicating high polydispersity. The gelatin ink is shear-thinning and was easily extruded 

through a 25G blunt needle (4C). Similar to the NorHA microgel systems, the gelatin ink has a yield 

stress (SI Fig. 3), as well as frequency-dependent loss moduli with a characteristic minimum (Fig. 4D) 

and yielding at an oscillatory strain of 24.55% with a maximum present in the loss modulus at the G’-G” 

crossover in the strain sweeps (Fig. 4E and Table 3). At room temperature, this ink can hold a shape as

a thick droplet, but upon heating to 40oC, this droplet collapses due to gelatin particles melting (Fig. 4F).

The rheological behaviors of all tested materials are in line with other microgel-based materials25,28. In 

the unidirectional shear-testing, the tested materials have a yield stress that correlates to particle 

crosslinking density. The materials were predictably shear-thinning, in line with previous work on 

microgel rheological behavior11. This shear-thinning behavior is expected because as the applied stress

reaches the yield stress of the material, the particles can freely rearrange and thus fluidize the bulk 

system.

The frequency sweeps showed relatively frequency-independent storage moduli values for all 

materials, and decreased with decreasing crosslinking density as expected since the particles are 

expected to be softer. There is a characteristic minimum found in the loss modulus curve for all tested 

materials. This is another key rheological signature in jammed particle systems, where at low 

frequencies, is due to particle rearrangements, and at high frequencies, a result of dissipation of the 

solvent25. The frequency at which this minimum occurs appears to correlate to particle crosslinking 

density where the lower the crosslinking density, the lower the frequency at which this minimum occurs.

Since polymer crosslinking density affects viscoelastic properties, this change in frequency could be 

attributed to an increase in dissipative behavior of the particles, thus leading to a lower frequency when 
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this behavior dominates. Scaling factors correlating G” with frequency were calculated for each 

crosslinking density. The NorHA-4 and -8 supports had scaling factors of 0.33 and 0.34, respectively, 

while the NorHA-2 supports had a scaling factor of 0.27. Within a jammed microparticle system, two 

events can occur: 1) the particle deform due to stress, and 2) slip planes form. The scaling factor, if slip 

dominates, would be a scaling factor of 0.529. The factors calculated here are lower and may then 

indicate that both slip and particle deformations are occurring in the system as frequency increases, 

especially in the case of the NorHA-2 supports where particles are predicted to be softer. This data also

indicates that the presence of the interstitial 1% NorHA, at least at this concentration, does not appear 

to affect key signature rheological properties of the jammed NorHA microgel supports.

Strain sweeps likewise show typical jammed microgel behavior. At low frequencies, the storage moduli 

values remain strain-independent and are solid-like, indicated by the higher G’ compared to G”. This is 

followed by yielding and then the G’-G” crossover with a characteristic peak in the loss modulus at this 

strain. Interestingly, there is a dip in the loss modulus during yielding but before the modulus crossover 

for the NorHA-2 material. From a previous study30, there is an overshoot in the low strain regime that 

appears to become larger as particle crosslinking density decreases. The previous study states that this

could be due to contact breaking between particles, but not at a sufficient level to induce flow. This has 
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been seen in another previous study31 where this weak overshoot at low strains also appears to be 

dependent on particle properties.

As the particle becomes softer, the particles become increasingly deformable as packing fraction 

increases. This means that the particles can create more facets with neighboring particles, which in turn

increases friction between the particles and would lead to an increase in the G’-G” crossover. This has 

occurred in previous studies31,32. These results differ from the yield stress data potentially due to testing 

differences, where the material in the unidirectional shear test was subjected to high shear rate 

followed by low shear rate. In the oscillatory strain test, oscillatory strain was ramped from low to high 

strain, and in combination with particle softness and presence of oscillations, could lead to a higher 

onset and crossover with a lower crosslinking density.

UV curing of the supports show an obvious and expected increase in G’ of all materials, an increase of 

roughly 3X-4X. The crosslinked values ranged from roughly 500 Pa for NorHA-2 to 1800Pa for NorHA-

8. This is in line with the expectation that particle stiffness contributes to bulk stiffness. The range of 

values obtained here also show that the support is tunable. When using the following equation and an 

assumption of a poisson’s ratio (ν) of 0.5:

E=2G(1+v)

Where E is Young’s modulus, and G is shear modulus. The values obtained for the crosslinked 

supports here are within ranges for soft tissues like brain, lung, small intestine, and liver33,34.

The rheological properties of gelatin ink are similar to those of the NorHA materials, as expected. The 

particles are small and polydisperse, with an average diameter of 4.60 ± 3.77µm. A smaller diameter 

was used as particle diameters would ultimately affect the final channel diameter. The ink is shear-

thinning, and therefore extrudable through a needle. There is a characteristic minimum in the loss 

modulus of the frequency sweep, and a characteristic peak in the loss modulus in the strain sweep at 

the G’-G” crossover. Again, the presence of interstitial HA does not appear to affect key signatures in 

the rheological properties, at least in the dilute concentration regime.

Perfusable channels and complex architectures can be printed

Since 3D printing allows for easy alterations to feature sizes, filaments were printed with varying flow 

rates to control filament diameter. Gelatin ink with high molecular weight FITC-dextran within the 

particles was used for imaging purposes. Microscope images were taken directly after printing, then two
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days later when the gelatin ink was evacuated at 37oC using PBS in one of the reservoirs to introduce a

pressure differential. To print the smallest diameter, a 36G needle had to be used, the other three 

diameters were printed with a 26G needle. As shown in figure 5A, filaments varying from approximately

100µm to 700µm were successfully printed.

Flow through the channels was visualized using fluorescent microspheres through a roughly 250-

300µm diameter channel. Fluorescent microspheres were added to one of the reservoirs to induce flow 

through the channel, then images were taken over time. As shown in Fig. 5C, while the walls of the 

channel are irregularly shaped, the microsphere moves in a linear pattern and does not get trapped 

along the walls of the channel.

A key advantage of perfusable channels is to create diffusive gradients within a material. To test the 

ability of small molecules and large proteins to diffuse into the surrounding support from a perfused 

channel, solutions of RhoB and FITC-BSA were added to the reservoirs of the devices and the 

fluorescence was monitored over time via microscopy. As expected, RhoB diffused quickly into the 

surrounding NorHA support, reaching distances of approximately 1400µm from the channel edge over 

a span of 40 minutes (Fig. 5D). On the other hand, FITC-BSA predictably diffused much slower, with 

the FITC-BSA reaching roughly the same distance over a 24h period (Fig. 5E). The trend in 

fluorescence here shows a nonlinear diffusion at shorter timescales, that then becomes linear after 24h 

(Fig. 5E).

Filaments of varying diameters were achieved by varying the flow rates. However, perfusion was limited

to filament diameter. The channels that could be perfused, which were produced at the higher flow 

rates, appear to show a perimeter of fluorescent gelatin microgel ink. This could be due to two things. 

One, the gelatin particles become embedded within the interstitial 1% NorHA solution. Two, the slightly 

positively-charged gelatin particles are interacting electrostatically with the negatively-charged 

interstitial NorHA solution. However, since there is an HA solution between the gelatin particles, which 

would hinder the electrostatic interactions between the gelatin particles and the interstitial NorHA 

solution in the support, it is likely that it is case one. The other interesting observation was the decrease

in diameter from post-evacuation, where the printed filament was larger compared to the diameter with 

the embedded ink. This was significant between all groups except the lowest flow rate tested. This has 

been seen previously, where the perfused channel size decreases post-ink evacuation35 and could be 

attributed to the evacuation method used.

The lack of perfusion in the two smaller flow rates tested could be due to the setup used for evacuating 

the printed ink. Hydrostatic pressure was used to induce flow through the channel as the device and 

41



materials were heated to 37oC. However, as the diameter of the printed filament becomes smaller, a 

larger pressure to move the gelatin ink out would be required. This could be achieved through pumping 

PBS or cell media through the channel to produce a higher pressure differential.
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A potential use of these perfusable channels includes the establishment of diffusive gradients to control

cell behaviors. To test this, diffusion of a small molecule, RhoB, and large protein, FITC-BSA, were 

added to the device with a printed perfused channel and measured over time (Figs. 5D and 5E).  As 

expected, the small molecule diffused outwards faster compared to the larger protein. The gradient also

became increasingly linear as time went on. Careful placement of channels within a tissue construct 

can aim to alleviate the diffusion limitation typically found in thick tissue constructs. The ability of large 

and small molecules, despite the perimeters containing gelatin ink, suggests the ability to include 

chemoattractants and growth factors to influence cell behaviors or processes such as angiogenesis.

To illustrate versatility in our printing system, other features were printed. Tissues naturally have 

specific architecture within them that enables proper functioning, and the ability to control where cells 

are located within an engineered construct is beneficial, either directly via 3D printing or indirectly via 

establishment of a chemotactic gradient. To illustrate this, fluorescent polymers were separately added 

to the gelatin microgels during particle fabrication, then used to represent two different printing inks. In 

figure 6A, a filament can be printed surrounded by depots, illustrating the potential for a perfusable 

channel to defuse nutrients and oxygen into surrounding cell-laden depots. Branching structures that 
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can mimic more complex vascular structures were also successfully printed, with filaments of roughly 

200µm in diameter (Fig. 6B). Voxel-like depots of different fluorescent inks, approximately 300µm in 

diameter, were extruded in a circle in an alternating fashion (Fig. 6C. Additionally, placement of depots 

with varying proximities to one another was easily controlled, as shown in Fig. 6D, where there is a 

spacing of approximately 600 µm between depots, depots right next to each other, and depots printed 

right next to or within one another.

From Fig. 6, the ability to print multiple types of architectures or features provides a platform for several 

applications in tissue engineering. For example, branching structures are found in vasculature, and the 

diameters of the vascular bed as it goes from arteries to capillaries back to veins changes drastically. In

this system here, channels of varying diameters were able to be printed, and branching structures could

also be printed. Additionally, depots could be printed next to a filament. This is reminiscent of recent 

studies, where embryoid bodies were formed next to a microfluidic channel36 or hepatic spheroids being

placed between two channels37. Various types of cancer have also been shown to ablate nearby 

vascularized channels38–40 and this could be recapitulated in the system shown here. Depots of different

fluorescing inks could be printed in a voxel-like manner, and with controllable distances. This gives the 

opportunity to control where cells are located to establish native tissue architecture.

Fibroblasts can be incorporated into the support and perfused

To obtain information on cell growth within these materials given adequate nutrient and oxygen 

transport, fibroblasts were seeded into thin NorHA-4 microgel support gels and cultured over a nine-day

period with proliferation testing every other day. Cells were added as a suspension at a density of 100 

million cells/mL in a volumetric ratio based on the approximate volume of the NorHA support. Selected 

ratios for this experiment, in cells:support, were 1:50, 1:20, and 1:10. All samples show an initial 

increase in metabolic activity until day 5 (SI Fig. 5), where there is a plateau, followed by another 

increase in metabolic activity. The fold change values are, expectedly, dependent on cell density. The 

lowest cell density had a larger increase in fold change, whereas the opposite occurred for the highest 

cell density group.

Perfusable and non-perfusable thick constructs were compared with regards to cell viability, with the 

expectation that the perfusable construct would show higher viability compared to the non-perfusable 

construct. A dense suspension of fibroblasts was added to the support in a 1:10 volumetric ratio. This 

cell-laden support was then pipetted into a PDMS-based device, and subsequently stabilized via UV 

crosslinking. On day 1, the viability appears to be roughly equivalent in both perfusable and non-
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perfusable samples based on the live/dead imaging (Fig. 7). However, a difference is present on day 4. 

The cell viability in the non-perfusable sample decreases compared to D1, whereas the perfusable 

sample has a region of higher cell viability localized to the perimeter of the open channel that extends 

roughly 50-100µm into the support (Fig. 7A).

When fibroblasts were embedded

within the support material at roughly a

100µm thickness, proliferation was

observed via alamar blue assay. At

the lowest cell density, there was an

over 10x increase in proliferative

activity within the support. At the

highest cell density, proliferation was

maintained roughly throughout the

testing period, but remained greater

than 1 throughout the testing period.

This data illustrates how the

fibroblasts could maintain their viability

or proliferate throughout an extended

period of time given adequate nutrient

and oxygen diffusion. As such, this

indicates that cell death within a

thicker construct would be due to

oxygen and nutrient-deprivation or the

printing process rather than the

composition of the support material.

In general, the printing process did not appear to affect cell viability. Both perfused and non-perfused 

samples had cell death over the 4-day period. However, this cell death was more prominent in the non-

perfused constructs. On D1, the cell viabilities were similar within the perfusable and non-perfusable 

constructs. In a cross-sectional image, there is an area around the perfusable channel on D4 that 

shows a 50µm depth from the channel edge with high cell viability compared to the rest of the construct

and the non-perfused construct (Fig. 7). This indicates that not only are cells receiving nutrients and 

oxygen, but that the printing process appears to not affect cell viability. This was also seen in another 

sample looking at the channel in the longitudinal axis. Over a 4-day period, there is an increase in cell 

death in the perfusable channel, but more cell death is apparent in the non-perfused sample during the 
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same time period. This therefore suggests that the printing process is cytocompatible and that cell 

death can be attributed to limited oxygen and nutrient diffusion.
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HUVECs can line perfused channels and persist over several days

Since these channels are reminiscent of vasculature found within the human body, HUVECs were 

added to perfusable channels and imaged. HUVECs were able to line the interior of perfusable 

channels (Fig. 8 and SI Figs. 8-10). NorHA microgels were treated with thiolated RGD prior to HUVEC 

addition to facilitate cell attachment. Because vasculature naturally has blood flow, which in turn plays a

significant role on vasculature function, flow was introduced to the channels one day after HUVEC 

seeding. Images were taken on D1 and D3, with D1 being no flow and D3 with flow. Cells are seen in 

all planes, and this cell coverage persists over the testing period, indicating that there is no cell death 

and cells can remain adhered to the interior of the perfusable channels in the presence of flow. 

Additionally, fluorescence qualitatively changes from D1 with no flow to D3 with flow. On D1, 

fluorescence appears to occur more evenly across the channel, but on D3 looks more confined to the 

walls of the channel. This may be indicative of a change in morphology over time27 where cells may be 

adopting more elongated morphologies.

Conclusions and Future Work

NorHA supports were prepared with varying intra-particle crosslinking. This led to tuning of mechanical 

properties, such as yield stress. A gelatin microgel-based ink was also formulated and shown to be 

printable within the NorHA-4 support. When printed as a filament, this ink could be removed upon 

heating to 37oC, leaving behind a perfusable channel. Filament diameters were tunable, from about 

650µm down to roughly 100µm. Interestingly, and potentially a result of processing, channels were not 

perfusable below a filament diameter of about 400µm. Fibroblast viability was improved around the 

vicinity of a perfusable channel, indicating that several channels are needed for large constructs. Lining 

of a perfusable channel with HUVECs was achieved with the help of RGD, illustrating the potential of 

these channels to be used to form vasculature within a cell-laden hydrogel. Future work in this project 

entails testing barrier properties of endothelialized channels and drawing comparisons to bare channels

and to values found in the literature. Other key aspects of an endothelial barrier such as VE-Cadherin 

expression should be measured as well. Additional experiments to examine HUVEC-lined channels 

under no flow conditions as well as to compare to blank control channels can also be conducted to 

determine parameters for future vascular channel experiments.
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Chapter 3:

Particle tethering:

weak interactions make ‘strong’ injectable gels

Introduction

Injectable hydrogels have shown great promise in multiple areas in of biomedicine. Some of these 

areas include 3D printing, where inks must be deposited through nozzles to create intricate structures, 

and therapeutic deliveries for applications such as wound healing1,2, cancer stem cell targeting3, or 

rheumatoid arthritis treatment4, to name a few. Two main properties are typically focused on when 

designing an injectable hydrogel: 1) shear-thinning behavior, and 2) self-healing behavior; and both 

properties require similar engineering strategies. To extrude through a needle, bonds need to be 

broken to allow material to flow. Self-healing is the reverse, where the structure of a material becomes 

disrupted and the engineered network must be designed to recover from the disruption and reform with 

the original mechanical properties. To achieve these properties, bonds, like hydrazone bonds5,6, guest-

host bonds7, and electrostatic interactions6,8,9 have been employed since these bond types are easily 

broken and quickly reformed upon application and removal of a force, respectively. Shear-thinning 

behavior can be inherent in some materials, such as hyaluronic acid10. Self-healing has also been 

achieved by designing interpenetrating networks (IPNs)11,12, semi-IPNs13, and embedding nanoparticles 

into the hydrogel, where one of the components of this multifunctional materials can aid in restoring 

mechanics post-damage14,15.

Injectable hydrogels, however, require further design and engineering to properly mimic native tissue. 

Several biopolymers, namely collagen, fibrin, and neurofilaments, strain-stiffen in response to a force16. 

This behavior comes from polymer alignment and exists to prevent tissue damage16. To mimic this 

strain-stiffening behavior, several techniques have been employed, such as modifying charges in a 

bovine serum albumin-poly(ethylene glycol) based hydrogel17, boronate-ester bonds in combination 

with altering polymer concentration18, and use of hydrophobic interactions in peptide-based gels19 and 

crimped and aligned fibrous components20. Poroelasticity is another feature that describes water 
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movement through a porous material. This can be found in tissues like cartilage21 and the dermis22 

where water movement aids in energy dissipation21,23, thus helping to protect the tissue. Alterations in 

poroelastic characteristics can be observed in various pathologies such as fibrosis24,25. Poroelasticity is 

often found in conjunction with viscoelasticity, a property frequently studied in biomaterials systems, 

known as poroviscoelasticity26. Thus, the incorporation of other properties must be considered when 

designing an injectable material meant to mimic native human tissue.

Granular materials have been extensively studied for a wide variety of applications and have become a 

promising platform in tissue engineering and biofabrication. In injectable applications, like cell delivery 

or 3D printing, granular-based materials have been a focus of development and study because due to 

an inherent solid-liquid transition when a force is applied. Granular systems are comprised of particles 

rather than a bulk gel, and thus undergo particle rearrangements when subjected to sufficiently high 

forces27. This allows for facile extrusion through small nozzles compared to a bulk network28, which 

would require permanent network disruption. Granular materials are also self-healing, re-establishing 

the solid-like mechanical properties from the pre-extruded state. To maintain a solid-like state when 

injected into a tissue, a crosslinking mechanism must be established to bond particles together. This 

has been achieved in materials such as MAP hydrogels, which employ a covalent-crosslinking 

mechanism1. Dynamic bonds such as guest-host bonds29, hydrazone bonds30, and electrostatic 

interactions9 can be used to modify these interparticle interactions. Granular gels, therefore, can be 

modified in a number of ways to achieve desired properties and are a good candidate for an injectable 

hydrogel system.

In this study, we sought to take advantage of electrostatic interactions to alter physical properties of a 

granular hydrogel system. Hyaluronic acid (HA) was modified to include a norbornene group on the 

backbone (NorHA) to enable UV-crosslinking to form microgels via batch emulsification. Because HA is

anionic, gelatin type A was modified to form a cationic polymer that could adsorb onto the NorHA 

microgels via electrostatic interactions. The goal of this work was divided into three parts. First, we 

studied the interactions between the NorHA particles with (+) Gel, and the effects of packing fraction 

and (+) Gel concentration on these interactions. The addition of (+) Gel produced a granular material 

with poroelastic-like effects as well as strain-stiffening behavior. Second, we examined a formulation 

with varying (+) Gel concentrations on the potential use of this material as an injectable system. Here, 

(+) Gel-containing formulations facilitated filament formation even at low concentrations, and required 

low extrusion pressures. Third, we assessed the shear-protecting effects of this electrostatic granular 

system on fibroblasts after extrusion.
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Methods

Syntheses

Norbornene-modified hyaluronic acid (NorHA) was prepared as described in chapter 1, using a 

previously established method31. Briefly, HA was dissolved in DI water to achieve a 2wt% solution, 

followed by addition of an ion exchange resin (Dowex). This reaction was then filtered over a Buchner 

funnel and the pH adjusted to roughly 7 prior to lyophilization. The synthesized HA-TBA was dissolved 

in anhydrous dimethylsulfoxide (DMSO) and reacted with 5-norbornene-2-carboxylic acid and 4-

(dimethylamino)pyridine (DMAP), catalyzed with di-tert-butyl decarbonate (BOC2O). The reaction was 

run overnight. The resulting material was dialyzed against DI water for three days, followed by 

purification via ethanol precipitation, resuspension in DI water, and further dialysis against DI water for 

an additional three days. This material was lyophilized and stored at -20oC until needed. The degree of 

modification was characterized via H1 NMR in D2O.

Cationic gelatin ((+) Gel) was prepared using a modified published procedure32 by reacting gelatin Type

A (300 bloom) at 2% in PBS with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC HCl, Sigma), N-

hydroxyl succinimide (NHS, Sigma), and ethylene diamine (EDA, Sigma) (Fig. 1B). Per gram of gelatin, 

the weight ratios of reactants were 1:0.6:3.6 of EDC:NHS:EDA. The gelatin was first dissolved in PBS 

at 37oC, then NHS and EDA were added to the solution at room temperature. The pH was adjusted to 

5.5 to 6, after which the EDC was added. The pH was then further adjusted to 4.5 to 5 and allowed to 

react for approximately 24h at room temperature. The (+) Gel was then dialyzed against DI water for 2-

3 days at room temperature. A fluorescamine assay (Sigma) was used to evaluate the change in amine

groups using a calibration curve with glycine and compared with unmodified gelatin. The assay protocol

was modified from a previously published study33, where the fluorescamine powder was first dissolved 

in DMSO at a concentration of 3mg/mL. Gelatin solutions were diluted to roughly 1.25mg/mLin PBS but

adjusted depending on fluorescence values. Then, 30µL of assay was added and mixed with 90µL of 

gelatin solution. The assay and gelatin were allowed to react for 15 min prior to running fluorescence 

testing.

Granular system preparation

NorHA microgel fabrication

A precursor 3 wt% NorHA solution was prepared in PBS containing 0.313 mg/mL dithiothreitol (DTT, 

Sigma) and 6.6mM lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, Sigma). This NorHA 
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solution was homogenized in light mineral oil with 2% Span80 for 2 minutes at 3000rpm, followed by 

UV curing for 5min at approximately 10mW/cm2. De-emulsification was started by adding isopropanol to

the emulsion post-crosslinking. After stirring, the mixture was filtered over a 0.22μm hydrophilic PVDF 

membrane. Microgels were washed an additional two times over the filter with isopropanol. After 

filtering, the microgels were left to dry then added into a 50mL conical and vortexed with 70% ethanol 

and placed on a rocker for two days. To finish processing, microgels were washed with PBS four times 

using centrifugation to ensure ethanol removal and equilibration in PBS. Microgels were then filtered 

over a 40μm cell strainer and stored at 4oC until needed.

Jamming and interstitial material addition

A variable called a jamming fraction was used in this study to control packing density, and is defined 

here as the ratio of interstitial volume to jammed particle weight. Particles were jammed in pre-weighed 

eppendorf tubes at 21130xg for 5 minutes. Excess PBS or media was then removed. Particles were 

centrifuged again if needed to fully remove excess PBS or media. Once particles were packed, the 

particles were weighed out. Based on this weight, gelatin solutions were added to achieve a 0.3 

jamming fraction. To achieve a 0 jamming fraction, the particles were centrifuged again at 21130xg and

excess solution was removed. To achieve a 0.5 jamming fraction, additional PBS was added to the 

particles corresponding to the original weight of the particles.

Zeta potential measurements

All materials were prepared in filtered 0.1X PBS. For the gelatin samples, all samples were prepared at 

5mg/mL. NorHA microgels were tested at 3mg/mL due to their size34. Zeta potentials were measured 

using a zetasizer (Zetasizer Ultra, Malvern) and calculated using the Smoluchowski equation. Each 

sample was run three times with independently-prepared samples.

Confocal imaging of interstitial space, and porosity and pore size measurements

NorHA microgel supports were prepared at different jamming fractions and (+) Gel concentrations. The 

interstitial gelatin contained high molecular weight FITC-dextran (2MDa) to aid in visualization during 

image acquisition. Images were acquired using a confocal microscope (Stellaris 5, Leica). Briefly, 

PDMS (Sylgard 184) holders were created and plasma bonded onto glass-bottom 6-well plates. Light 
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mineral oil was placed on top of samples to prevent dehydration. Z-stacks were taken with slices set to 

2µm for a total depth of 25-40µm. Area fraction was calculated from three independently-prepared 

samples for each jamming fraction and (+) Gel concentration using FIJI. A 2D slice was thresholded 

then the measure function was used to obtain area fraction. For each group, three independently-

prepared samples were used.

Average pore size and pore size distributions were estimated using a FIJI plug-in, BoneJ. Z-stacks 

obtained from confocal microscopy were first resliced to obtain isotropic pixels. The resliced stack was 

then thresholded using Otsu’s method35,36. The thickness function in BoneJ37 was used to calculate 

trabecular thickness, which returns the average pore size within the scaffold. The resulting thickness 

map that is also calculated from this function was used to obtain pore size distributions (SI Fig. 7). An n 

of 2-3 independently-prepared samples was used for each group.

Porosity and pore size were measured for samples compressed to 30% and 60%. To achieve these 

compressions, custom-made plugs with thicknesses of 1mm or 2mm were printed using a PLA printer 

(Prusa) that would achieve 33% and 67% compressions if the material were placed in a PDMS (Sylgard

184) holder with a depth of 3mm (SI Fig. 8). The materials were set up as described above and 

compressed before imaging on a confocal microscope (Stellaris 5, Leica). Z-stacks of similar 

dimensions were obtained and used to quantify area fraction and pore size. Measurements were done 

in duplicate on independently prepared samples.

As described above, formulations containing 0-3% (+) Gel with high molecular weight FITC-dextran 

were extruded at flow rates of 11.68mL/h and 1.17mL/h into PDMS holders plasma-bonded to glass-

bottom 6-well plates. Light mineral oil was placed on top to prevent dehydration during imaging. 

Imaging was done to obtain z-stacks that were then used to calculate porosity and pore size using FIJI 

as described above. Measurements were done in triplicate with three independently-extruded samples.

Rheology

NorHA particles were jammed with 0-3% (+) Gel at different jamming fractions. Samples were prepared

right before testing. An 8mm sand-blasted parallel plate was used in combination with a Peltier plate 

with sandpaper placed onto it to prevent wall slip. Testing was done at 20oC. For each sample, the top 

geometry was placed carefully onto the material to not compress the material, then the test was started.

Strain sweeps were conducted in shear from 0.5% to 500% with a frequency of 0.1Hz. After a strain 

sweep, the material was compressed to roughly 30%. This was followed by another strain sweep. The 
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material was then further compressed to roughly 60% of the original sample height, and a final strain 

sweep was conducted. After each compression, the material was carefully trimmed prior to the start of 

the next strain sweep. Analysis of the change in storage modulus, critical strain (defined as departure 

linearity in the strain sweep), yield strain, and modulus crossover changes was carried out.

For self-healing studies, strain sweeps were conducted, oscillating rapidly between 0.5% and 500% 

every 60s for a total of seven cycles. Frequency was held at 0.1Hz. An 8mm sand-blasted parallel plate

geometry was used, and a Peltier plate was used to control testing temperature, held at 20oC. Similar to

the experiment setup described above, the top geometry was carefully placed in contact with the 

sample to avoid any compression of the sample.

Strain-stiffening analysis

Strain-stiffening behavior was quantified using MITLAOS software38. Stress and strain data were taken 

from the original rheology files at the highest point in G’ in the strain sweep prior to yielding. To 

evaluate strain-stiffening behavior, the Chebyshev coefficient, e3, calculated from MITLAOS, was 

plotted against (+) Gel concentration without compression and as a function of compressed strain for 

each sample.

Extrusion testing

A syringe holder designed to hold a 1mL syringe was 3D printed using an STL printer (Formlabs) (SI 

Fig. 11). Microgel formulations were prepared and added into 1mL syringes with air bubbles removed 

via needle, stored at 4oC and tested the next day. A 100N load cell was used on an Instron machine set

up for compression testing. 25G blunt needles were added to the syringes prior to testing. The syringes

were compressed at a rate of 0.5mm/s, corresponding to a volumetric flow rate of approximately 27.54 

mL/h. Materials were compared to extruded PBS and 30% Pluronic. The change in pressure over 

extruded volume was calculated and graphed.

Extruded filaments for each ink were examined visually. For each ink, 50µL was extruded at either a 

high flow rate of 11.68mL/h or a low flow rate of 1.17mL/h. Each extrusion was repeated five times. 

There was a pause of at least two minutes between extrusions. Videos were acquired using an iPhone 

11, and filament lengths were measured using FIJI.
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Fibroblast viability pre-and post-extrusion

NIH 3T3 fibroblasts (ATCC) were cultured in high glucose DMEM supplemented with 10% fetal bovine 

serum (Gibco) and 1% antibiotic/antimycotic (Gibco). Cells were harvested at passage 10 using 0.05% 

trypsin. For experiments, harvested fibroblasts were treated with CellTracker Green (CMFDA, 

Invitrogen) according to manufacturer’s instructions. Briefly, 50µg of dye was dissolved in sterile 

DMSO, then added to serum-free medium to a final concentration of 5µM. This was added to the 

harvested cells and incubated for 30 min at 37oC. The cells were centrifuged afterwards then 

resuspended in complete media to 50 million cells/mL.

NorHA microgels were prepared aseptically after hydration in 70% EtOH, with other steps described 

above occurring in a biosafety cabinet. Particles were washed with DPBS followed by equilibration in 

complete media. (+) Gel solutions were prepared using PBS and were sterilized via UV exposure for 

60min.

To prepare formulations with varying (+) Gel concentrations, NorHA microparticles were jammed via 

centrifugation at 21130xg. Excess media was removed and the corresponding volume of 1% or 3% (+) 

Gel solution or PBS was added to obtain a jamming fraction of 0.3. The interstitial solutions contained 

approximately 2µM ethidium homodimer-1 (EthD-1) to stain dead cells. A solution of cells that would 

correspond to roughly 2 million cells per mL of support. Separate samples were prepared (n=3) for the 

non-extruded groups. For the extruded groups, the cell-loaded formulations were placed into 1mL 

syringes and extruded through 25G blunt needles at a flow rate of 11.68mL/h using a syringe pump. 

Three separate extrusions were done for each formulation. All samples were added to PDMS holders 

plasma bonded to a glass-bottom 6-well plate. Fluorescent and phase contrast images were taken 

every 2h on an Okolab stage incubator with medical gas over an 18h period.

Viability was calculated using FIJI. Images for each dye were separately stacked via max intensity, 

followed by background subtraction and contrast enhancement by 0.1%. Processed images were then 

added together using the image calculator function to obtain an image for counting all cells within an 

ROI. This image was then processed again for background subtraction then blurring with a Gaussian 

filter to remove any background effects. The image was thresholded, watershedded, then the ‘analyze 

particles’ function was used to count cells. The same process was used to count viable cells, but the 

‘subtract’ feature in the image calculator was used instead to remove cells that were stained with both 

EthD-1 and CellTracker Green. Viability was then calculated by dividing the viable cell count by the total

cell count.
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Statistical analysis

Statistical analyses were carried out using Origin. One-way ANOVAs were used with a post-hoc Tukey 

test to determine statistical significance and specify differences between groups. A p-value of less than 

0.05 was considered statistically significant.
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Results and Discussion

Materials characterization

Norbornene-modified hyaluronic acid (NorHA) was prepared via an established reaction with Boc2O to 

couple norbornene groups to the alcohol groups located on the n-acetylglucosamine group (Fig. 1A). 

The modification of this reaction was between 16% and 21%, calculated from H1 NMR (SI Fig. 1). 

NorHA microgels were formed via batch emulsification with a homogenizer (Fig. 1B) and the resulting 

particle size and distribution was measured after de-emulsifying and hydrating the particles in PBS (Fig.

1C and 1D). The average particle diameter was calculated to be 9.91 ± 4.85 µm. The particle size 

distribution was broad, which was expected due to the batch emulsification method used to form the 

particles. This was confirmed by calculating the coefficient of variation, which was 48.99 %.

Cationic gelatin ((+) Gel) was prepared using EDC chemistry to couple amine groups from 

ethylenediamine to pre-existing carboxylic acid groups on the gelatin backbone (Fig. 1D). By doing so, 

the zeta potential of the gelatin increased from 2.08 ± 0.97mV to 13.76 ± 1.11 mV, a significant 

increase (Fig. 1E). This modification was confirmed further with a fluorescamine assay, which showed 

an increase from 224.65 ± 21.54 µmol NH2 per g material to 500.08 ± 35.76 µmol NH2 per g material (SI

Fig. 3), also a significant difference. The zeta potential of the NorHA microgels was -8.64 ± 6.23 mV. 

When added to the particles, the (+) Gel appears to tether the NorHA particles together, keeping it in a 

gel-like state even at dilute packing densities compared to PBS alone, as visualized by gel inversion 

tests (Fig. 1F). NorHA particles with (+) Gel showed a gel-like material when the vial is inverted, 

characteristic of a solid-like gel, but bare particles flowed upon inversion, demonstrating liquid-like 

properties.

Rheology

In early rheological testing, formulations of NorHA particles with (+) Gel ejected PBS as the top 

geometry compressed the sample. This was indicative of poroelastic behavior39. To test this further, 

oscillatory strain sweeps were conducted at compressive strains of about 0%, 30% and 60%. A similar 

test was used previously and adapted for this study39,40. In general, poroelasticity is discussed alongside

viscoelasticity. In the granular system developed here, the bulk mechanics are due to particle 

interactions as opposed to polymer networks, therefore, poroelasticity is discussed in conjunction with 

particle rearrangements rather than viscoelasticity. It was expected that as (+) Gel-based formulations 

were compressed, interactions between the (+) Gel that adsorbs onto the particles would become 
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enhanced and lead to changes in, for example, yielding behavior, but that particles could still rearrange 

since electrostatic interactions are dynamic. Whereas in a bare particle system, we expect that the 

particles can freely rearrange during compression, thus leading to no changes in the rheological results 

with compressive strain.
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Jamming fraction and (+) Gel concentration were varied to assess the influence of (+) Gel and porosity 

on yielding behavior of these formulations as a function of compressive strain (Fig. 2 and SI Fig. 3). For

formulations containing no (+) Gel (Fig. 2A), the strain sweeps at each compressive strain were nearly 

identical at all tested jamming fractions. This indicates that particle rearrangements freely occur as the 

material is compressed, as expected, and therefore poroelastic behavior is not a feature of PBS-based 

supports. Once (+) Gel is introduced (3 µg/mg in Fig. 2B, 6 µg/mg in Fig. 2C, and 9 µg/mg in Fig. 2D, 

except as noted), critical strain, storage modulus, yielding onset, and modulus crossover values, 

extracted from the rheology data, generally increase as the material is compressed at any (+) Gel 

concentration (Fig. 3). This data suggest that (+) Gel may be restricting some particle rearrangements 

and may act to enhance interparticle interactions through increasing particle density as water is 

removed from the system. However, because electrostatic interactions are dynamic in nature, particle 

rearrangements could still occur. Interestingly, at all jamming fractions, storage moduli of (+) Gel-

containing supports under no compressive strain were roughly equivalent, whereas PBS-based 

formulations generally had smaller storage moduli (SI Fig. 5). This could be due to testing via bulk 

rheology, where small strains and frequencies, the differences in (+) Gel concentration may not be 

apparent. The (+) Gel-containing formulations also displayed an abrupt decline in G’ after strain-

stiffening, which could be due to the force placed on the material exceeding the bond strength between 

the (+) Gel chains and NorHA microgels and can explain the smaller extent of strain-stiffening when 

compared to other biological gels16.

To confirm the rheological measurements were due to the (+) Gel chains and the NorHA particles 

interacting electrostatically, rheology of these systems with varying salt concentrations and 1% and 2% 

Tween20 were analyzed (SI Fig. 6). An increase in salt concentration shields charges to test for 

electrostatic interactions, whereas the addition of Tween20 interferes with hydrophobic interactions that

can be found in gelatin-based materials41. Strain sweeps show little to no change in the jammed 

systems containing either 1% or 2% Tween20, indicating that there are little to no hydrophobic 

interactions contributing to the bulk rheological properties (SI Fig. 6B). The addition of salt to the 

system, however, did cause a decrease in the storage modulus, yield onset, and modulus crossover. 

This confirms that electrostatic interactions play a predominant role in the bulk rheological properties 

(SI Fig. 6A). This can also be seen visually, where a sample containing 1% Tween20 appeared to 

retain the gel-like properties seen in the non-treated particulate system. In contrast, when salt is 

introduced, there is a clear difference where the jammed system becomes increasingly liquid-like (SI 

Fig. 6C).

In addition to linear increases in the onset and moduli crossover points, there was a noticeable strain-

stiffening behavior in the formulations containing (+) Gel. To analyze this behavior, Lissajous curves 
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were generated at the points of strain-stiffening as this would capture the changes in behavior with (+) 

Gel concentration and applied compressive strains. For comparison, the points prior to yielding in the 

PBS-based formulations were used (Fig. 4A). Under no compression, all materials showed primarily 

viscoelastic behavior, as expected, where the Lissajous curves are linear but open (Fig. 4B). As 

compression is introduced, a noticeable change in the shape of the Lissajous curves for (+) Gel-
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containing formulations is observed. With compression, the Lissajous curves take on an inverted 

sigmoidal shape, indicative of strain-stiffening behavior (Fig. 5A). This was not observed in the PBS 

controls, as expected.

Further analysis was done by examining the Chebyshev coefficient, e3, for each material as a function 

of (+) Gel concentration under no compression and under compressive strains. This value describes 

the nonlinear component of the elastic contributions found in the material and is calculated via 

decomposition of the Lissajous curve42. When e3 is greater than 0, strain-stiffening behavior is present, 

otherwise the material is strain-softening when e3 is negative42. Generally, as (+) Gel concentration 

increases, the e3 value also increases across all jamming fractions, suggesting that (+) Gel contributes 

to strain-stiffening behavior (Fig. 4C). When compression is introduced, a similar trend is seen. As 

formulations containing (+) Gel are compressed further, the strain-stiffening behavior is enhanced, as 

illustrated by the increase in e3 (Fig. 5B). This data can also suggest the presence of poroelastic-like 

behaviors as (+) Gel-particle interactions are enhanced under compression.

Porosity and effect of (+) Gel concentration and compression
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Because (+) Gel is expected to adsorb onto the NorHA microgels, the change in particle-particle 

interactions may cause microstructural changes of the packed microgel supports. Thus, area fractions, 

average pore sizes, and pore size distributions of the packed materials were assessed using confocal 

microscopy. For all materials, FITC-dextran, a neutrally-charged polymer, was added to the (+) Gel or 

PBS solutions to visualize the interstitial space (Fig. 6A). Computational tools (FIJI) were then used to 
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quantify area fraction from the acquired images. As expected, area fraction increased with jamming 

fraction, showing that the porosity within the jammed systems is easily tunable (Fig. 6B). Average pore 

size and pore size distributions were measured and assessed using an ImageJ plugin, BoneJ (SI Fig. 

7). Average pore sizes in the (+) Gel-containing formulations were generally greater across all jamming 

fractions compared to PBS-based formulations (Fig. 6C). This can be attributed to the difference in pore

size distributions, where higher distributions are seen in the (+) Gel-containing formulations (Fig. 6D). 

This broader distribution can be attributed to the presence of aggregate-like clusters that seem to form 

when adding (+) Gel to the microgels. This type of structure has been seen previously in particle-based 

systems where attractive interparticle interactions were dominant43,44.
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From the rheology data, there is a clear trend in formulations containing (+) Gel of compressive strain 

with respect to rheological measurements. Since this material has rheological behavior pointing to 

poroelastic characteristics, area fractions and pore sizes of compressed formulations containing (+) Gel

were assessed. The formulations were again imaged with HMW FITC-dextran in the interstitial space 

(Fig. 7A and SI Fig. 9-10). Formulations were compressed to 33% or 67% using a custom-made device

described in the Methods section (SI Fig. 8). Overall, a decrease in area fraction was observed as 

compression was increased, and this decrease appears to be dependent on jamming fraction, as 

formulations with high packing densities were less affected by compression (Fig. 7A). When examining 

pore size distributions, there is a general shift towards smaller pore sizes as compressive strain 

increases (Fig. 7B-D). These results combined with rheological data indicate that these materials have 

poroelastic characteristics and become denser under a compressive force, thus leading to enhanced 

electrostatic interactions and increased yielding onset and moduli crossover points.

Extrusion testing and filament measurements, and porosity calculations

Three primary measurements were made to examine the effect of (+) Gel concentration on injectability 

of these particle-based formulations (Fig. 8A), which were the average injection force, pressure during 

extrusion, and self-healing behavior. To measure the injection force, an Instron machine was used to 

extrude particles with 0-3% (+) Gel from a 1mL needle through a 25G needle at a vertical speed of 

0.5mm/s, corresponding to a volumetric flow rate of 27.54mL/h (SI Fig. 11). The microgel-based 

formulations were compared to PBS and a commonly used printing ink, Pluronic (Fig. 8B). The average

pressure needed for PBS was 0.18kPa, and this jumps to approximately 4kPa for 30% Pluronic. The 

average pressures needed to extrude the particle-based formulations ranged from 0.47kPa for bare 

particles to 0.91kPa for the 1% (+) Gel formulation. The 2% and 3% (+) Gel formulations were within 

this range at 0.84 and 0.71 kPa respectively. The decrease in force as (+) Gel increases may be due to

an increase in repulsion forces as more (+) Gel chains adsorb to the particle surface. No significant 

differences were found amongst the (+) Gel-containing formulations. The 1% and 2% (+) Gel 

formulations were significantly different compared to the PBS-based formulation. While the (+) Gel-

containing formulations were significantly different compared to the 0% (+) Gel formulation and PBS, 

these results show that formulations containing (+) Gel were closer to PBS in terms of injection force 

compared to 30% Pluronic, illustrating the ease of injecting these (+) Gel-based supports. Significant 

differences were found between Pluronic and every microgel formulation tested. These results show 

that while (+) Gel holds particles together, this type of bonding can be easily broken via a small 

extrusion force, thus facilitating processes such as injections or 3D printing.
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The pressure over volume was calculated for each formulation from the injectability tests (Fig. 8C). This

data further shows how more similar the microgel-based formulations are to PBS compared to 30% 

Pluronic. Under the flow conditions used in testing, PBS reaches a peak pressure of approximately 

0.5kPa then levels off after roughly 25μL has been extruded, maintaining an injection pressure of about

0.18kPa. Pluronic, in contrast, reaches a max pressure of about 4kPa and levels off after reaching 

about 40μL of ejected volume while maintaining this injection force. The 30% Pluronic, PBS, and 0% 
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(+) Gel formulations show smooth lines as the ejected volume increases. As (+) Gel is introduced to the

microgel-based formulations, there is an increase in pressure fluctuations during ejection. This could be

attributed to the presence of aggregate-like clusters, shown in confocal images (Fig. 6A) where 

pressure would increase with a large cluster, then upon ejection of this cluster, the pressure would 

decrease.

Rheology was conducted on microgel-based formulations to assess self-healing behavior as a function 

of (+) Gel concentration over multiple high-low strain cycles (Fig. 8D) using a commonly-used test28. A 

low strain of 1% and high strain of 500% were used and were cycled every 60s for a total of 7 cycles, 

rapidly inducing repeated solid-liquid transitions. All formulations transitioned from solid-like materials to

liquid-like behavior as the strain increased, as expected (Fig. 8D). The formulations containing (+) Gel 

all exhibit self-healing behavior as well as fast recovery as the applied strain was decreased from 500%

to 1%. Upon the change in strain, storage moduli values were restored to nearly the original value from 

the first cycle. This was not observed in the 0% (+) Gel (PBS only) formulation. As the material 

continued to be cycled, recovery became slower, which may be attributed to the applied variables used 

in the rheological testing.. These indicate that the 0% (+) Gel formulation may be restructuring upon 

cessation of the high strain, and that the addition of (+) Gel contributes to faster recovery.

Filament formation of each formulation was examined. This was done in air for evaluation, previously 

done in multiple studies45–48, as this can be predictive of the 3D printing process but can also be 

indicative of use as an injectable hydrogel for non-3D printing applications. Because the material has 

poroelastic characteristics, extrusion at high and low flow rates was conducted using a syringe pump to 

assess any changes in filament formation40. The high flow rate was set to 11.68mL/h, the maximum the 

pump could achieve with the 1mL syringe. The low flow rate was set to 1.17mL/h. The formulations 

were extruded in 50µL increments and recorded over time. The maximum filament length prior to 

filament breakage was measured as a function of (+) Gel over time. The data shows that extruded 

filaments looked nearly identical for all formulations containing (+) Gel, where the filaments were linear 

with a bead at the end (Fig. 9A). The 0% (+) Gel formulation, on the other hand, had primarily short 

droplet-like filaments, as expected. This can be attributed to the (+) Gel tethering the particles to one 

another, whereas the lack of electrostatic interparticle interactions leads to shorter, more droplet-like 

filaments as the weight of the bead causes the filament to break at shorter lengths. The presence of the

droplet at the end of the filaments occurred in all (+) Gel formulations. During extrusion, of which 

timestamps can be seen in Fig. 9B, the material would kink and roll on itself, followed by ejection of a 

filament, which did not appear to occur in the PBS-based formulations.
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Max filament length was measured immediately prior to filament breakage (Fig. 9C). Without (+) Gel, 

average max filament length was approximately 5mm at both high and low flow rates. Upon the addition

of (+) Gel, the max filament length increased to roughly 23mm regardless of (+) Gel concentration. This

was also independent of flow rate, as both values for high and low flow rate for each formulation were 

not statistically significant. To further understand the effect of (+) Gel concentration on ejection of these 

formulations, all filament lengths were measured and compared (Fig. 9D). The PBS-only formulation 

had a small distribution of filament lengths. In comparison, the distributions became much larger as (+) 

Gel was added and did not appear to be dependent on concentration.

An interesting phenomenon occurred during extrusion for the (+) Gel formulations. At both high and low

flow rates, the filament would increase in length as expected, but would then retract followed by 

lengthening then breakage. This can be seen in Fig. 10, where 1% (+) Gel formulations are used as an 

example. This retraction would sometimes include conglomeration of the existing filament with 

extruding filament, forming a bead at the end. This could be attributed to possible relaxation processes 

within the filament during extrusion. During extrusion, the filament becomes extended upon exiting the 
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nozzle, and the electrostatic interactions may relax during this stage, causing the filament to shorten. 

While this may not impact the material for injectable-based applications, this may impact 3D printed 

construct shape fidelity.

Because the material compresses during extrusion from a syringe barrel through a needle, confocal 

images were obtained to assess the change in area fraction and pore size with respect to flow rates 

(Fig. 11A). As shown in Fig. 11B, area fraction did not change with respect to flow rate or have a trend 

with (+) Gel concentration. The only statistically significant difference was between the low flow rate 

and no flow rate groups in the 2% (+) Gel formulation, which showed an increase in area fraction. Pore 

sizes showed an increase with both high and low flow rates in formulations with (+) Gel. As seen in the 

confocal images, the microstructural appearance changed pre- and post-extrusion of (+) Gel-containing

formulations, where there appears to be larger pores present. This can be seen in the pore size 

distributions and average pore size as well (Fig. 11A and 11C), where there is generally an increase in 

range to include larger pore sizes post-extrusion. This may have implications in cell behaviors post-

extrusion, where pore size plays a role in cell behaviors like migration and proliferation, and potentially 

in 3D printing applications to create a customized construct.

Cell viability with and without extrusion

To assess shear-protecting capabilities of this system as a function of (+) Gel concentration, 3T3 

fibroblasts were dispersed into the supports at approximately 2 million cells per uL of support, and then 

extruded at high flow rates into PDMS holders through a 25G needle. Comparisons were made to cell-

laden supports that had not been extruded and were instead gently mixed using a wide-bore pipette tip.

Cell-tracker green dye was used instead of calcein AM due to dye longevity, transport through the 

support, and fragility of the supports to handling that would be needed for multiple staining procedures. 

Results show that there is an improvement in viability with (+) Gel concentration in both extruded and 

non-extruded groups, seen visually in Fig. 12A and quantitatively in Figs. 12B and 12C. Additionally, 

there is a trend of decreasing viability over time for all groups, but viability stabilizes after about 6h. 

Taken together, the viability results suggest two things. One, the low cell viabilities in the non-extruded 

groups indicate that more (+) Gel may be required to improve fibroblast viability specifically, or that a 

component of the system is introducing cytotoxicity. Two, it appears that (+) Gel may provide some 

shear-protecting effect, but additional work into enhancing shear-protection is required.

The morphology of the fibroblasts also changed over time. In further experimentation, the cells were 

almost exclusively adopting a rounded morphology at the 1h timepoint for all (+) Gel concentrations 
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tested. This was expected as the cells would require more time to form adhesions with the surrounding 

material. At the D1 timepoint, live cells became more elongated. This occurred in all samples 

regardless of (+) Gel concentration and if the material was extruded (SI Fig. 13).

Conclusions and Future Work

This study evaluated the rheological characteristics and injectability of jammed NorHA microgels with 

adsorbed (+) Gel chains. This work sets the stage for several applications, such as those in injectable 

wound healing applications and in 3D printing. The addition of (+) Gel to anionic NorHA particles 

produces a porous scaffold with strain-stiffening and self-healing behaviors, pre-requisites of an 

injectable hydrogel system that can mimic native tissue. Microstructurally, these materials are easily 

tunable, and densify under compression leading to poroelastic-like behaviors as well. Extrusion of the 

supports was easily achievable, requiring pressures on the scale of neat PBS, and filament formation 

was observed regardless of (+) Gel concentration. Due to this plus the self-healing behavior examined 

rheologically, this material could be used in applications like 3D printing. Lastly, cell experiments with 

fibroblasts indicate that additional work is required to obtain high cell viabilities. A positive trend in (+) 

Gel concentration was seen, as cell viabilities in those supports were higher. However, low viability was

still observed in the non-extruded groups. Thus, additional work is needed to enhance the shear-

protecting capabilities of this system for future applications in injectable systems. F

uture work for this project includes additional material characterization in addition to addressing the low 

cell viabilities. For instance, alignment of (+) Gel chains could be assessed using a technique such as 

confocal microscopy with fluorescently-tagged (+) Gel chains. A similar experiment to the one 

conducted in this chapter could be used to further test these samples under both compressive and 

shear strains. To address low cell viabilities, determining the source of low cell viabilities and enhancing

the shear-protecting capabilities, possibly through the inclusion of other well-known shear-protecting 

gels and solutions, are crucial. Material interactions may need to first be considered, and testing 

cytocompatibility could be achieved through methods such as LDH assays. Particle sizes may also 

need to be reconsidered, as this may impact cell viabilities when mixing together with the microgel-

based medium. Other future work may include assessing the formulations for 3D printing with and 

without cells.

87



References

1. Griffin, D. R., Weaver, W. M., Scumpia, P., Di Carlo, D. & Segura, T. Accelerated wound healing by 

injectable microporous gel scaffolds assembled from annealed building blocks. Nat. Mater. 14, 737–

744 (2015).

2. Lin, X. et al. An injectable and light curable hyaluronic acid composite gel with anti-biofilm, anti-

inflammatory and pro-healing characteristics for accelerating infected wound healing. Int. J. Biol. 

Macromol. 253, 127190 (2023).

3. Wang, T. et al. Photothermal hyaluronic acid composite hydrogel targeting cancer stem cells for 

inhibiting recurrence and metastasis of breast cancer. Int. J. Biol. Macromol. 252, 126358 (2023).

4. Kumar, A. et al. Highly Biocompatible Smart Injectable Hydrogel for the Management of Rheumatoid 

Arthritis. ACS Biomater. Sci. Eng. 9, 5312–5321 (2023).

5. Sharma, P. K., Taneja, S. & Singh, Y. Hydrazone-Linkage-Based Self-Healing and Injectable 

Xanthan–Poly(ethylene glycol) Hydrogels for Controlled Drug Release and 3D Cell Culture. ACS 

Appl. Mater. Interfaces 10, 30936–30945 (2018).

6. Yang, K. et al. Antibacterial hyaluronic acid hydrogels with enhanced self-healing properties via 

multiple dynamic bond crosslinking. Int. J. Biol. Macromol. 256, 128320 (2024).

7. Wang, L. L. et al. Injectable, Guest–Host Assembled Polyethylenimine Hydrogel for siRNA Delivery. 

ACS Publications https://pubs.acs.org/doi/full/10.1021/acs.biomac.6b01378 (2016) 

doi:10.1021/acs.biomac.6b01378.

8. Zhang, J. et al. Highly transparent, self-healing, injectable and self-adhesive chitosan/polyzwitterion-

based double network hydrogel for potential 3D printing wearable strain sensor. Mater. Sci. Eng. C 

117, 111298 (2020).

9. Hsu, R.-S. et al. Adaptable Microporous Hydrogels of Propagating NGF-Gradient by Injectable 

Building Blocks for Accelerated Axonal Outgrowth. Adv. Sci. 6, 1900520 (2019).

10. Chernos, M. et al. Rheological study of hyaluronic acid derivatives. Biomed. Eng. Lett. 7, 17–24 

(2017).

88



11. Wang, Y. et al. An Injectable Interpenetrating Polymer Network Hydrogel with Tunable 

Mechanical Properties and Self-Healing Abilities. Macromol. Chem. Phys. 218, 1700348 (2017).

12. Hafezi, M., Khorasani, S. N., Khalili, S. & Neisiany, R. E. Self-healing interpenetrating network 

hydrogel based on GelMA/alginate/nano-clay. Int. J. Biol. Macromol. 242, 124962 (2023).

13. Liu, Y., Hsu, Y.-H., Huang, A. P.-H. & Hsu, S. Semi-Interpenetrating Polymer Network of 

Hyaluronan and Chitosan Self-Healing Hydrogels for Central Nervous System Repair. ACS Appl. 

Mater. Interfaces 12, 40108–40120 (2020).

14. Appel, E. A. et al. Self-assembled hydrogels utilizing polymer–nanoparticle interactions. Nat. 

Commun. 6, 6295 (2015).

15. Shao, C. et al. Mimicking Dynamic Adhesiveness and Strain-Stiffening Behavior of Biological 

Tissues in Tough and Self-Healable Cellulose Nanocomposite Hydrogels. ACS Appl. Mater. 

Interfaces 11, 5885–5895 (2019).

16. Storm, C., Pastore, J. J., MacKintosh, F. C., Lubensky, T. C. & Janmey, P. A. Nonlinear 

elasticity in biological gels. Nature 435, 191–194 (2005).

17. Gu, J. et al. Tuning Strain Stiffening of Protein Hydrogels by Charge Modification. Int. J. Mol. 

Sci. 23, 3032 (2022).

18. C. Ollier, R., Xiang, Y., M. Yacovelli, A. & J. Webber, M. Biomimetic strain-stiffening in fully 

synthetic dynamic-covalent hydrogel networks. Chem. Sci. 14, 4796–4805 (2023).

19. Jaspers, M. et al. Ultra-responsive soft matter from strain-stiffening hydrogels. Nat. Commun. 5, 

5808 (2014).

20. Luo, J. et al. Biomimetic Strain-Stiffening Hydrogel with Crimped Structure. Adv. Funct. Mater. 

31, 2104139 (2021).

21. Nia, H. T., Han, L., Li, Y., Ortiz, C. & Grodzinsky, A. Poroelasticity of Cartilage at the Nanoscale.

Biophys. J. 101, 2304–2313 (2011).

22. Weir Weiss, M.-J., Shrestha, P., Basak, R. & Stoeber, B. Poroelastic behavior of skin tissue in 

response to pressure driven flow. Phys. Fluids 35, 081902 (2023).

89



23. Lee, R. C., Frank, E. H., Grodzinsky, A. J. & Roylance, D. K. Oscillatory Compressional 

Behavior of Articular Cartilage and Its Associated Electromechanical Properties. J. Biomech. Eng. 

103, 280–292 (1981).

24. Wang, M. et al. Characterizing poroelasticity of biological tissues by spherical indentation: an 

improved theory for large relaxation. J. Mech. Phys. Solids 138, 103920 (2020).

25. Wells, R. G. Tissue Mechanics and Fibrosis. Biochim. Biophys. Acta 1832, 884–890 (2013).

26. Wang, Q.-M., Mohan, A. C., Oyen, M. L. & Zhao, X.-H. Separating viscoelasticity and 

poroelasticity of gels with different length and time scales. Acta Mech. Sin. 30, 20–27 (2014).

27. Bhattacharjee, T. et al. Writing in the granular gel medium. Sci. Adv. 1, e1500655 (2015).

28. Highley, C. B., Song, K. H., Daly, A. C. & Burdick, J. A. Jammed Microgel Inks for 3D Printing 

Applications. Adv. Sci. 6, 1801076 (2019).

29. Widener, A. E., Duraivel, S., Angelini, T. E. & Phelps, E. A. Injectable Microporous Annealed 

Particle Hydrogel Based on Guest–Host-Interlinked Polyethylene Glycol Maleimide Microgels. Adv. 

NanoBiomed Res. 2, 2200030 (2022).

30. Muir, V. G. et al. Sticking Together: Injectable Granular Hydrogels with Increased Functionality 

via Dynamic Covalent Inter-Particle Crosslinking. Small 18, 2201115 (2022).

31. Gramlich, W. M., Kim, I. L. & Burdick, J. A. Synthesis and orthogonal photopatterning of 

hyaluronic acid hydrogels with thiol-norbornene chemistry. Biomaterials 34, 9803–9811 (2013).

32. K, J., Naskar, D., Kundu, S. C. & James, N. R. Fabrication of cationized gelatin nanofibers by 

electrospinning for tissue regeneration. RSC Adv. 5, 89521–89530 (2015).

33. Tamura, M. et al. Click-crosslinkable and photodegradable gelatin hydrogels for cytocompatible 

optical cell manipulation in natural environment. Sci. Rep. 5, 15060 (2015).

34. Lunardi, C. N., Gomes, A. J., Rocha, F. S., De Tommaso, J. & Patience, G. S. Experimental 

methods in chemical engineering: Zeta potential. Can. J. Chem. Eng. 99, 627–639 (2021).

35. Bhattacharjee, T. & Angelini, T. E. 3D T cell motility in jammed microgels. J. Phys. Appl. Phys. 

52, 024006 (2018).

90



36. Otsu, N. A Threshold Selection Method from Gray-Level Histograms. IEEE Trans. Syst. Man 

Cybern. 9, 62–66 (1979).

37. Domander, R., Felder, A. A. & Doube, M. BoneJ2 - refactoring established research software. 

Wellcome Open Res. 6, 37 (2021).

38. Ewoldt, R. H., Hosoi, A. E. & McKinley, G. H. Nonlinear viscoelastic biomaterials: meaningful 

characterization and engineering inspiration. Integr. Comp. Biol. 49, 40–50 (2009).

39. Lopez-Sanchez, P. et al. Micromechanics and Poroelasticity of Hydrated Cellulose Networks. 

Biomacromolecules 15, 2274–2284 (2014).

40. Lopez-Sanchez, P. et al. Poroelastic Mechanical Effects of Hemicelluloses on Cellulosic 

Hydrogels under Compression. PLOS ONE 10, e0122132 (2015).

41. Bertsch, P., Andrée, L., Besheli, N. H. & Leeuwenburgh, S. C. G. Colloidal hydrogels made of 

gelatin nanoparticles exhibit fast stress relaxation at strains relevant for cell activity. Acta Biomater. 

138, 124–132 (2022).

42. New measures for characterizing nonlinear viscoelasticity in large amplitude oscillatory shear | 

Journal of Rheology | AIP Publishing. https://pubs.aip.org/sor/jor/article/52/6/1427/240149/New-

measures-for-characterizing-nonlinear.

43. Trappe, V., Prasad, V., Cipelletti, L., Segre, P. N. & Weitz, D. A. Jamming phase diagram for 

attractive particles. Nature 411, 772–775 (2001).

44. Koeze, D. J. & Tighe, B. P. Sticky Matters: Jamming and Rigid Cluster Statistics with Attractive 

Particle Interactions. Phys. Rev. Lett. 121, 188002 (2018).

45. Cai, F.-F., Heid, S. & Boccaccini, A. R. Potential of Laponite® incorporated oxidized alginate–

gelatin (ADA-GEL) composite hydrogels for extrusion-based 3D printing. J. Biomed. Mater. Res. B 

Appl. Biomater. 109, 1090–1104 (2021).

46. Paxton, N. et al. Proposal to assess printability of bioinks for extrusion-based bioprinting and 

evaluation of rheological properties governing bioprintability. Biofabrication 9, 044107 (2017).

91



47. Park, J. et al. Cell-laden 3D bioprinting hydrogel matrix depending on different compositions for 

soft tissue engineering: Characterization and evaluation. Mater. Sci. Eng. C 71, 678–684 (2017).

48. Bom, S., Ribeiro, R., Ribeiro, H. M., Santos, C. & Marto, J. On the progress of hydrogel-based 

3D printing: Correlating rheological properties with printing behaviour. Int. J. Pharm. 615, 121506 

(2022).

92



Supplemental Information

93



94



95



96



97



98



99



100



101



102



103



104



Chapter 4:

Pancreatic cancer: background,
migration, and in vitro models

Part 1: Pancreatic ductal adenocarcinoma

PDAC statistics and background information

Pancreatic ductal adenocarcinoma (PDAC) is a devastating disease. Worldwide, there is a crude 

incidence rate of  6.5 per 100,000 people, and a mortality of 5.9 per 100,0001. In the US, this incidence 

is higher, at 18 per 100,000, and a mortality of 14.8 per 100,000, making it one of the top leading 

causes of death due to cancer. The incidence in males is typically slightly higher than females, but 

there is an increasing trend of pancreatic cancer diagnoses in women in the U.S.2 These numbers are 

expected to increase over time3. The reason for this high mortality is the lack of early detection4 and 

lack of noticeable symptoms5. Typically, patients are diagnosed at the metastatic stage of the disease, 

stage IV6. This leads to a poor prognosis, typically a 5-year survival rate of 3%4. Current treatment 

options typically include chemotherapy and surgical resection, and while the survival rate increases, it’s

limited to less than 20%7,8. Despite treatment, recurrence is also common9. Therefore, more research 

and new therapies are required to understand and treat this disease.

The pancreas is a major organ in the digestive tract, located behind the stomach. The pancreas is 

generally split into three parts, the head, body, and tail, and into two primary functions: endocrine and 

exocrine. The endocrine pancreas consists of the islets of Langerhans, well known for their control over

blood sugar levels via glucagon and insulin release, as well as other hormonal functions. The exocrine 

pancreas is involved in the digestive process, secreting enzymes like trypsin and amylase into the 

duodenum. These enzymes are produced in glands that connect to a main pancreatic duct that 

ultimately connects with the bile duct and then into the duodenum10. This ductal system is where 

pancreatic cancer starts.

The glands, located along the ducts, are constructed as follows. The acinar cells, which are the primary

cell type found in the pancreas, are polar to function appropriately. One side is associated with 
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exocytosis of enzymes that are then transported out of the glands into the pancreatic duct then 

ultimately into the duodenum to aid in digestion. The duct cells secrete bicarbonate, and the secretion 

of both enzymes and bicarbonate are synergized.

PDAC can be initiated from either duct cells, or acinar cells that de-differentiate into duct-like cells11,12. 

These are termed basal-type and classical-type, respectively12. This de-differentiation of acinar cells is 

known as the acinar-ductal metaplasia. Acinar cells are actively kept in their state, through expression 

of MIST1, GATA6, and NR5A2 to name a few13,14. Loss of a genetic factor causes the acinar cells to de-

differentiate into a duct-like phenotype, forming a pancreatic intraepithelial neoplasia (PanIN) lesion15. 

These are separated into two grades, high and low16. Low-grade PanINs are normally found in 

pancreatic tissue and are not necessarily correlated with the development of PDAC, but high-grade 

PanIns generally are16,17.

KRAS is a key player in the development of PDAC, found in over 90% of cases. KRAS is a well-studied

oncogene that codes for the KRAS protein. Mutations to the genes encoding this molecular switch are 

commonly found in many cancers, such as PDAC18, colorectal cancer19, lung cancers20, and 

endometrial cancer21. Normally, KRAS cycles between two forms: GTP- and GDP-bound, i.e. active 

and inactive22. This controls signaling pathways such as RAF-MEK-ERK, and the PI3K-AKT-mTOR 

pathways. These pathways are involved in cell activities such as proliferation, apoptosis, and 

migration18,23. However, once mutations have occurred, this cycling becomes aberrant. Many codons 

are responsible for these mutations and can lead to differences in the KRAS structure depending on 

which codon is mutated. The mutations lead to changes in the KRAS GTPase that confer decreased 

affinity to GDP, as well as a decrease in GDP production24,25. This leads to an accumulation of GTP-

bound KRAS within the afflicted cells. As a result, the afflicted cells begin to proliferate uncontrollably 

and not undergo apoptosis, leading to tumor formation18,23.

KRAS alone, however, may not be sufficient to induce tumor formation12. The ECM is heavily implicated

in this process, where an inflammatory process leads to the positive feedback loop that confers tumor 

progression. When the pancreas incurs injury, inflammation occurs. Pancreatic stellate cells (PSCs), 

located near the acinar cells, transition from a quiescent to active state and produce extracellular matrix

(ECM) components such as collagen and hyaluronic acid to combat this inflammation and repair the 

tissue26,27. The acinar cells during this process also undergo a process called acinar-ductal-metaplasia.

Under normal circumstances, the inflammation resolves and the acinar cells re-differentiate from duct 

cells back to acinar cells and PSCs revert to a quiescent state27,28. With KRAS mutations, this 

inflammatory process can then lead to the activation of multiple cell signaling pathways. Changes in the

ECM can then cause downstream cell signaling events that alter behaviors such as proliferation and 
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migration. Tumorigenesis is dependent on the JAK-STAT pathway, where the presence of cytokines 

like IL-629 and IL-1730 contributes to progression from a PanIN to a tumor. This cycle continues as a 

positive feedback loop as the JAK/STAT pathway contributes to PSC activation31.

As a result, the carcinogenesis of PDAC points to the importance of the ECM. The ECM is also 

implicated in the difficulties of treating PDAC. As collagen, hyaluronic acid, and other biopolymers are 

produced, a high-pressure environment is created32,33. This high-pressure area collapses blood vessels,

leading to a hypoperfused tissue compared to the surrounding, healthy tissue34. The high-pressure 

gradient and hypoperfusion lead to issues with diffusion of chemotherapeutics and immunotherapeutics

such as engineered T-cells in reaching this tumor site.

Cells in the Tumor Microenvironment

The PDAC TME is highly heterogeneous, consisting of multiple cell types. Cancer-associated 

fibroblasts (CAFs) are heterogeneous and come from many cell types found within the pancreatic 

tissue. Most common are pancreatic-stellate cells (PSCs), which are nearly in a constant activated 

state during tumor progression26,31. When TGF-beta is present, CAFs can become myofibroblast-like, 

and cause a stiffening of the ECM, facilitating metastasis35. Blood36 and lymphatic endothelial cells37, 

adipocytes38, and other mesenchymal stromal cells39 can also become cancer-associated fibroblasts, 

thus creating a highly heterogeneous and thus difficult to target group of cells. For the first type, there is

a transition known as the endothelial-to-mesenchymal transition, mediated by the presence of cytokines

like TNF-alpha36. These phenomena further contribute to the heterogeneity of the tumor 

microenvironment.

Immune cells, along with the cancer cells and CAFs, play a significant role in transforming the tumor 

area into an immune-suppressive environment. Neutrophils are recruited to the tumor site via cytokine 

gradients. In a study, neutrophils were able to enhance migratory behavior of PDAC cells when either 

directly or indirectly co-cultured through the release of TNF-alpha and TGF-beta40. Immune cells can 

also aid in the metastatic cascade. Tumor-associated macrophages (TAMs), recruited via cytokines like

ICAM-141, contribute to an immunosuppressive environment through release of cytokines like TGF-

beta42. Regulatory T cells are often an important aspect of the immune system to prevent attack on 

native tissues, but aid in creating the immunosuppressive PDAC TME. Similar to TAMs, regulatory T 

cells can help to reinforce the immune-suppressed TME through inhibitory interactions with dendritic 

cells43, or via recruitment by myeloid-derived suppressor cells44. Higher activities of these cells within 

107



PDAC tumors often indicate poor patient outcomes and are currently being assessed for targeted 

therapies45–47.

Extracellular matrix of PDAC tumors

In the PDAC tumor microenvironment (TME), drastic changes to the ECM occur. Some key changes 

include the production of excess hyaluronic acid (HA) and collagen by PSCs12. HA is a polysaccharide 

that can be found in nearly every tissue. The hydrophilicity of HA leads to increased water retention32,33 

and this elevated pressure constricts the recruited and pre-existing blood vessels, creating a hypoxic 

environment and a difficult to treat tumor as circulating drugs or other types of therapeutics cannot be 

perfused through the tumor34. In PDAC, HA enhances cell migration through the CD44 receptor. As 

molecular weight of HA decreases, mobility of PDAC cells increases48. It was also found in a recent 

study that pancreatic tumor cells can use HA as a nutrient source, thus creating a proliferative 

environment49. Because of the impact HA has on the tumor microenvironment, it has been previously 

examined as a target for treating PDAC50.

Collagen is a well-known and well-studied protein that is also extremely common in human tissue. It 

consists of triple-helix structures which can form fibrils, thus forming the fibrous component of native 

ECM. Collagen typically provides structure to tissues and has strain-stiffening behavior, similar to other 

ECM proteins51. This behavior serves to protect tissue from damage and comes from the alignment of 

the polymer chains. In the PDAC TME, as well as other tumor stromas like those found in breast 

cancer, collagen fibers become more aligned in addition to being more abundant and crosslinked. The 

upregulation of collagen is also due to the pancreatic stellate cells. Collagen fiber alignment, due to 

CAFs taking on a myofibroblast phenotype and tumor growth52, causes an increase in stiffness due to 

the inherent strain-stiffening behavior found in collagen53. Crosslinking, a well-known mechanism to 

stiffen hydrogels, of collagen can occur via release of transglutaminase from PDAC cells54. Additionally,

the alignment of collagen fibrils facilitates metastasis through a phenomenon known as contact 

guidance where the aligned collagen fibrils enable cell migration along the alignment direction and has 

been demonstrated in multiple cancer types including PDAC55,56. This further points to the importance of

the ECM in tumor progression.

Part 2: Epithelial-Mesenchymal Transition and Cell Migratory Modes
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Cell migration is an integral aspect in nearly all physiological functions. Neutrophils and T cells, for 

example, migrate from the blood stream into sites of infection, squeezing through capillary walls. During

wound healing, cells such as fibroblasts migrate towards the wound site to produce new ECM. Cell 

migration is also a key player when discussing cancer metastasis. For metastasis to occur, cells must 

migrate out of the tumor and travel through the stroma, a process known as invasion, and finally 

intravasate into nearby lymphatic and blood vasculature. The cancer cells are then carried via blood 

vasculature to another tissue site. The metastatic cells must then extravasate into the tissue and begin 

proliferating and forming a new tumor47. The initiation of the initial movement out of the tumor requires 

the epithelial-mesenchymal transition42, and has many key aspects, one of which entails ECM 

mechanics and composition32,33,53.

As stated above, the ECM of the PDAC microenvironment changes drastically during tumor 

progression and these changes drive the epithelial-mesenchymal transition (EMT) of the mutated 

acinar cells. HA and collagen are erroneously upregulated by activated PSCs, and microstructural 

changes such as collagen fibril alignment52 and crosslinking54, and decreased pore size57 can cause a 

subsequent increase in tumor ECM stiffness contribute to the transformation from an epithelial 

phenotype to a migratory mesenchymal phenotype i.e. EMT. This increased stiffness in several cancers

causes a shift from epithelial to mesenchymal phenotypes58–60.

During EMT, key epithelial features become lost, and cells take on a mesenchymal phenotype61. Cells 

lose E-Cadherin expression, responsible for connecting to other epithelial cells, and instead express N-

Cadherin62. Transcription factors Slug, Snail, and Twist become heavily involved in facilitating the 

transformation63, activated via multiple signaling pathways such as JAK-STAT, TGF-beta, Wnt, and 

Hippo64–70. Cytoskeletal changes to increase vimentin and keratin expression to enhance migratory 

capabilities also take place71–73. Polarity that was established in the epithelial phase also becomes lost, 

as cells detach from neighboring cells due to decreased expression of E-Cadherin61.

The mesenchymal transition, however, includes three primary modes of migration. In addition to 

mesenchymal migration, two other migratory modes can be used, and interchanged, to migrate through

a tissue’s ECM: amoeboid and lobopodial74. Described in further detail below, these migratory modes 

enable the cell to move through a variety of environments, and cells can rapidly switch between modes 

as needed, a transition known as the mesenchymal-amoeboid transition (MAT) or amoeboid-

mesenchymal transition (AMT)75. These additional transitions may also be required during the 

metastatic cascade for cancer cells to successfully invade other tissues and can contribute to 

complications with cancer treatments such as chemoresistance76.
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Mesenchymal

The mesenchymal mode of migration is defined by long extensions, slow migration speeds, and 

attachment to the ECM, and can be referred to as ‘path-creating’. Slow speeds of this migration type, 

generally below 1µm/min77, are due to formation and deformation of integrin attachments to the ECM. 

Cells using this mode of migration also release proteolytic enzymes to degrade the ECM, facilitating cell

migration and hence ‘path-creating’ behavior. Cells often use filopodia and lamellipodia to move 

through or on a 3D or 2D substrate, respectively74.

Mesenchymal migration is generally mediated by the Rac pathway. This pathway allows for actin 

polymerization to take place and form extensions like lamellipodia and therefore allow the cell to 

migrate. This pathway is initiated from integrins, where once the cell attaches to the surrounding ECM, 

Rac activation leads to the formation of lamellipodial and filopodial extension78. Downstream, activation 

of the Rac pathway leads to activation of pathways such as Hippo and Wnt. Integrins can also interact 

with TGF-beta in cancer cells to enhance downstream effects79. If the Rac pathway is inhibited through 

a Rho activator molecule75 or treatment with taxol80, then cells can transition to another mode of 

migration, amoeboid, which, as described below, is fast and is triggered by factors like confinement and

low adhesion environments. This migration mode has been observed in collective cell migration as 

well81.

Amoeboid

Amoeboid migration is defined by bleb formation and lack of adhesion to the ECM and is often termed 

‘path-finding’ migration. These blebs allow the cell to ‘sense’ around its environment and lack of cell-

ECM attachments mean that the cell can move quickly within a tissue74. This mode of migration is fast, 

around 10µm/min77. Bleb formation is a complex process dependent on actomyosin contractility82. The 

actin cytoskeleton is positioned around the perimeter of the cell, attached to the membrane. Bleb 

formation is initiated when part of this cytoskeleton detaches from the membrane, allowing cytoplasm to

flow towards that region. This region later becomes restabilized83. Some evidence suggest that if 

actomyosin contractility is polarized, this polarization could lead to directed cell movement84.

The major mechanotransduction pathway involved in amoeboid migration is the RhoA/ROCK pathway. 

This pathway mediates actin-myosin contractility that is required for amoeboid migration83. This 

pathway can become initiated by pathways such as JAK/STAT85 and NF-kB86. When a ROCK inhibitor 
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like Y-27632 is used, cells that were undergoing amoeboid migration switch to mesenchymal migration 

mode87. This Rho pathway can also be stimulated by other factors such as interstitial flow88 or 

confinement89,90. This Rho pathway and resulting contractility has also been observed in collective cell 

migration and invasion91.

Lobopodial

Lobopodial migration is a more recent migration mode and is defined as a combination of mesenchymal

and amoeboid movements. Cells undergoing this mode of migration are often elongated, but without 

extensions typically seen in mesenchymally-driven cell locomotion, and cell speeds are moderate74. 

Lobopodial migration can occur in instances where adhesion sites are present, and the cell is confined. 

Lobopodial migration is not dependent on proteolysis of the ECM, and a recent study showed that this 

type of migration could be re-established when protease activity was inhibited92.

This migration type appears to be mediated by the RhoA pathway92–94, causing a ‘nuclear piston’ type of

migratory behavior that has been shown to propel cells forward92,93. To form this pressure, the nucleus 

is moved forward through coordination of intermediate filaments and a linker protein called nesprin-3. 

The resulting pull of the nucleus causes an increase in pressure at the front of the cells. This action of 

building pressure within the leading edge of a cell is also driven by integrin adhesions to the ECM, and 

actomyosin contractility93.

Part 3: Cancer migration models

To further study mechanisms and treatment options to prevent cancer metastasis, in vitro models have 

been in development. Hydrogels, described in further detail in chapter 1, have shown great promise in 

this field due to their biocompatibility and tunability. Hydrogel processing for studying cancer in vitro can

be broadly separated into three categories: 1) bulk hydrogels, 2) channel-based systems, and 3) 

porous constructs. Below are examples of studies for each category.

3-1 Bulk hydrogels

Bulk hydrogels are a common choice to measure the effects of distinct properties on cancer cell 

migration. For example, stress relaxation can be independently tuned from stiffness due to the inherent 
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crosslinking structure that forms the gel, causing downstream effects on cell behaviors like morphology 

and differentiation. Systems like these have shown great promise in deciphering the effects of ECM 

properties on cancer cell behaviors such as growth and migration.

A dynamic environment consisting of polymer synthesized via RAFT polymerization and containing 

boronate-diol bonds was fabricated and used to study viscoelastic effects on PDAC proliferation and 

EMT with the presence of cancer-associated fibroblasts. Boronate-diol bonds are well-characterized 

dynamic bonds, and the use of such bonds in combination with covalent thiol-based bonds leads to a 

stress-relaxing gel. Compared to completely elastic gels, which have nearly infinite stress relaxation 

times, PDAC cell proliferation and markers for MMPs and inflammatory cytokines were enhanced in the

viscoelastic gel95.

A sarcoma model was fabricated using collagen of varying stress-relaxation times to study the effects 

of hypoxia on sarcoma cell migration. Collagen fibrils were controlled to maintain fiber density even 

when collagen concentration changed. This allowed for control over oxygen gradients. As stress 

relaxation time decreased, cell migration was found to increase when in a hypoxic environment. This 

was accompanied by an increase in a marker known as PLOD2, a collagen crosslinker, an increase in 

collagen size and density, and metastasis96.

To examine the effects of plasticity on breast cancer, an interpenetrating network of alginate and 

reconstituted basement membrane was made. To create different levels of matrix plasticity, alginate 

molecular weight was modified. Data showed that cells do not require proteases to move through the 

matrix material, but rather can open or deform the local region to migrate. Cells contained in hydrogels 

with high plasticity generally showed greater probabilities of protrusions and max displacement 

compared to cells encapsulated in low plasticity hydrogels. It was also found that this movement was 

mediated via the Rho pathway and actomyosin contractility97.

Glioblastoma cells were encapsulated either as single cells or as a spheroid in Matrigel. The purpose 

was to determine if cells coming from a spheroid follow a biased persistent random walk model as 

opposed to the more popular persistent random walk model. Compared with single cells, cells coming 

off a spheroid were found to quickly move away from the spheroid, thus showing directionality and 

higher velocity98.

Another study using Matrigel and glioblastoma spheroids analyzed the effects of matrix stiffness on 

glioblastoma cell migration from spheroids. Here, researchers examined motility of individual cells 

disseminating from a spheroid. Lower matrix stiffness led to an increase in spheroid area, which 

indicated a decrease in invasiveness of the cells in high stiffness matrices. No effect on migration 
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speeds were observed. For this line of tumor cells, migration was done in a primarily independent 

manner, and were found to migrate with directionality and persistence. The researchers were also able 

to identify super-spreading cells by examining cell trajectories99.

As stated earlier, motile cancer cells can switch from mesenchymal to amoeboid migration modes in 

response to the local environment. In one study, this behavior was captured in a silk-collagen 

composite hydrogel. By keeping collagen concentration the same to keep cell-attachment points 

constant, silk fibroin, a protein derived from B. mori cocoons, was included at varying concentrations to 

alter mechanical and microarchitectural properties as it does not have inherent cell-attachment 

moieties. When pore size decreased, cells that were migrating in a primarily mesenchymal mode 

switched to a more amoeboid mode. Additionally, cells in gels without collagen also exhibited amoeboid

migration, due to the lack of cell attachment moieties. The cells could also be made to adopt other 

migration modes by including excipients like Taxol for inducing amoeboid migration, or EGF to induce 

mesenchymal migration80.

3-2 Channel-based systems

The origin of PDAC comes from a topographically-defined region of the pancreas: the ductal system. 

This is a tubular network with glands along and branching off of these structures. To make a more 

physiologically-relevant model, open channels can be fabricated into hydrogels in a number of ways. 

For example, casting and molding around a needle provides a facile and reproducible method. 

Microfluidics are another option to create channels with tunable sizes that can then be lined with cells 

or proteins and then used to study cell migration through the channel or invading into the surrounding 

hydrogel.

A collagen gel was casted around two 300 µm needles then removed to form open channels after the 

collagen polymerized. These channels were separated at an approximately 500μm distance. In one 

channel, mouse PDAC cells were seeded to form the PDAC-lined channel, while the other channel 

contained HUVECs to form an endothelialized channel. An FBS gradient was established coming from 

the endothelial channel to stimulate PDAC migration towards that channel. PDAC cells were found to 

collectively migrate through the collagen towards then invade the endothelial channel. This ablation 

was found to occur through TGF-beta and activin-ALK7 signaling pathways. This ablation is thought to 

be a path for PDAC metastasis100.
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Another study used this casting and molding technique on collagen to create a ductal-tumor-

microenvironment-on-chip (dT-MOC) to study heterogeneous populations of PDAC cells. PDAC, as 

stated earlier, is known to be a heterogeneous tumor. The researchers examined cells from different 

mutated mouse models and seeded them into these perfused channels. Channels formed here ranged 

from 500-800µm in diameter. The mesenchymal subtype for one of the two cell lines harvested 

exhibited EMT markers like SNAIL. On days 3 and 4 post-seeding, the mesenchymal subtype showed 

greater invasion scores and average sprout lengths compared to the epithelial subtype of the same line

and the other cell line. For the non-migratory cells, the presence of TGF-beta enhanced both invasion 

scores and sprout lengths.  Multiple cell lines could be seeded into the perfused channels, illustrating 

the adaptability of this system to studying heterogeneous tumors101.

Microtracks are a common feature found in the ECM of tissues like mammary tissue and can be used 

by migratory cancer cells to exit the TME and metastasize. Using a PDMS stamp, microtracks within a 

collagen hydrogel were created. Compared to collagen hydrogels without microtracks, a greater fraction

of breast cancer cells were migratory independent of collagen concentration. Collagen concentration 

played a greater role in samples without microtracks, causing a decrease in cell motility. Contraction of 

the actin cytoskeletal was important to cell migration through these microtracks. This study illustrated 

how cells can migrate through a ‘path of least resistance’ mechanism that is independent of ECM 

mechanics102.

Microchannels to study the effect of pore size on migration have been fabricated using lithographic 

techniques to create devices similar to microfluidic devices. To establish a link between confinement, 

as defined by channel width, and the mesenchymal-amoeboid transition (MAT), channels of 150µm in 

length and either 3µm or 10µm in diameter were fabricated using photolithography. The devices were 

comprised of PDMS bonded to a glass substrate. This study evaluated the switch in migration modes of

eight cell lines. For three of four cell lines, migration through the 3µm channels was faster compared to 

the 10µm channel. For cells that traversed the length of the 3µm channels, amoeboid-like morphology 

was observed upon the cell exiting the microchannel. Cancer cells also had lower levels of integrins in 

the 3µm channels compared to unconfined cells and cells within the 10µm channels, further confirming 

the potential of a MAT controlled via confinement89.

Patterned microchannels have been used to separate a heterogeneous cell population via chemotaxis. 

Also using PDMS and photolithography, a device with serpentine channels was fabricated. Migration of 

breast cancer cells was studied. Upon separation of chemotactic and non-chemotactic cells, further 

analyses were done to compare the two groups. The chemotactic cells showed greater aspect ratio 
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compared to non-chemotactic, as well as greater migration distance. Chemotactic cells also showed 

upregulation in RhoC compared to non-chemotactic cells103.

3-3 Granular and microporous systems

Porosity can be introduced in a number of ways. One way is to add porogens to a hydrogel precursor 

solution, and upon stabilization of the hydrogel solution, porogens can then be leached. Another 

method is through freeze-drying processes. 3D printing can be utilized to form pore structures. Granular

materials, as explained in chapter 1, have an inherent porosity that can be exploited and easily tuned in

cell migration studies. Because cancer cell migration work within these material types is limited, the 

work summarized here includes other cell types.

T cells were placed into a jammed microgel system composed of Carbopol (poly(acrylic acid)) particles.

To modulate the yield stress of the material, global polymer concentration was changed. T cell 

migration was monitored over time, and it was shown that migration was dependent on yield stress. As 

yield stress increased from 2.1 Pa to 6.2 Pa, cell movement transitioned from subdiffusive behavior to 

superdiffusive behavior i.e. from stationary to on par with active motility. This however was dependent 

on timescale and cells could, for example, become trapped at longer timescales in the highest yield 

stress material tested. It was also found that T cells would migrate through available pore spaces rather

than yielding the material to migrate104.

Chitosan and alginate were combined to form highly porous constructs to study breast cancer cell 

migration. These scaffolds were easily tunable to enable studies into effects of ECM stiffness, and the 

pores were interconnected. Results demonstrated that in porous materials, material stiffness 

significantly impacts cell migratory behaviors, as the highest polymer concentration tested, 6wt%. 

Because chitosan and alginate do not have cell-binding moieties, this indicates that cells can sense 

ECM stiffness in the absence of integrin adhesion59.

The effect of pore anisotropy on breast cancer cell migration was studied using collagen scaffolds. This 

was achieved by modulating a freeze-drying process when processing the collagen material. The 

researchers observed that cells directionally migrated in scaffolds with anisotropic pores. Migratory 

behavior was also greater in these constructs compared to the isotropic scaffolds105.

3D printing techniques have been used to control scaffold architectures106–108, and has been used to 

decouple pore size from material modulus.  Poly(ethylene glycol)-diacrylate (PEGDA) scaffolds were 

printed using digital micromirror-based projection printing and designed to have pore spaces between 
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250 and 300um. To modify stiffness, PEGDA concentration was tuned. Mammary epithelial and 

TWIST-modified mammary epithelial cell migration was tested on these porous constructs and 

compared with 2D migration on hydrogels with stiffnesses matched. It was found that displacement was

greater in 3D compared to 2D. A greater difference attributed to stiffness was seen in the TWIST-

modified cells109.

 Molecular weight (MW) of hyaluronic acid (HA) can impact cell behaviors and has been found to aid in 

cancer cell migration. To test this on breast cancer cells in a 3D environment, HA of varying molecular 

weights were made into hydrogels with collagen to mimic the fibrous ECM. The addition of high MW HA

produced scaffolds with larger pore sizes. The higher MW HAs tested showed that cell migration was 

inhibited compared to the lowest MW tested and to collagen-only gels110.

Pore features as well as size can contribute to changes in cell migratory behavior. In one study, pores 

of varying aspect ratios were created using nanolithography techniques. Normal and metastatic breast 

epithelial cells were studied. It was found that, even though pore size remained constant, aspect ratio 

played a significant role in cell migration, and that metastatic cells tend to travel in a ‘path of least 

resistance’ manner whereas the normal epithelial cells maintained directionality111.

Granular or porous media can also impact prokaryotic cell migration. E. coli motility in a Carbopol-

based granular medium was monitored over time. Similar to mammalian cells, bacteria would show 

‘trapped’ behavior within the granular medium, and also exhibit ‘hopping’ motions. Effects from pore 

sizes were also studied and showed that as pore size increased, the mean-squared displacement 

became larger and appeared to show more persistent migratory paths112.
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Chapter 5:

PDAC migration:

what’s charge got to do with it?

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is an aggressive, devastating disease. The prognosis at the

time of diagnosis is typically a 3% five-year survival rate1. The reasons for this include late-stage 

diagnosis2, lack of early detection1, and the tumor microenvironment (TME)3,4. The development of 

PDAC generally starts with chronic inflammation5,6, forming of a lesion that gradually goes from a low-

grade to high-grade lesion, and finally, tumor formation. PDAC typically starts from acinar cells located 

within the glands of the exocrine pancreas that then undergo irreversible acinar-to-ductal metaplasia 

due to KRAS mutations6–8. To further study this devastating disease, accurate in vitro models using 

human cell lines must be developed.

The PDAC TME is primarily composed of a dense stroma of collagen9,10 and hyaluronic acid (HA)11,12 

produced in excess by pancreatic stellate cells due to the chronic inflammatory environment13. Both 

polymers contribute to an increase in tumor stiffness and hydrostatic pressure14,15. The elevated 

hydrostatic pressure leads to tumor hypoperfusion relative to healthy pancreatic tissue as blood vessels

collapse16, preventing chemotherapeutics, immunotherapeutics, and cell-therapies from reaching the 

tumor site. Additionally, the TME can promote the epithelial-mesenchymal transition (EMT)17, a well-

studied and required transition that cancer cells must undergo to metastasize. Several methods have 

been used to mimic this stroma and use these models to study cell behaviors like cell migration, and to 

potentially test therapeutics. For example, viscoelastic and stiffening gelatin-based hydrogels with 

dynamic boronate-acid bonds and elastic thiol crosslinking have been formulated to test PDAC 

spheroid migration, showing that matrix stiffness plays an important role in malignancy18. Matrix 

stiffness has also been shown to play a role in PDAC proliferation and metastasis17,19. Thus, the 
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development of physiologically-relevant in vitro PDAC models is crucial to the understanding and 

treatment of PDAC.

In addition to increasing stiffness and hydrostatic pressure, collagen fibrils become aligned within the 

PDAC TME, thus producing a strain-stiffening effect. This strain-stiffening can come from contractile 

forces from the myofibroblast characteristics of cancer-associated fibroblasts20 and from the increased 

intra-tumoral pressure leading to stiffening towards the outside of the tumor21. This strain-stiffening 

behavior can contribute to cell migration outside of the TME. Because strain-stiffening comes from 

collagen fiber alignment, the aligned fibers can be used to migrate onto and out of the tumor 

microenvironment, a phenomenon known as contact guidance22,23. These drastic changes in tumor 

mechanics, creating a pro-migration environment, point to the importance of the ECM in the metastatic 

cascade.

Granular materials are a promising platform for in vitro cell studies. Granular materials, comprised of 

packed microparticles, are inherently porous, preventing issues with nutrient and oxygen diffusion. This 

porosity can be modified by simply adjusting the packing density, achievable through means such as 

centrifugation speed24. Granular material mechanics are also tunable. Interparticle interactions, which 

dominate bulk mechanical properties25, can be altered to create a more fluid or solid environment, such 

as through interparticle guest-host linkages26. These changes have implications for cell behaviors such 

as migration. Lastly, granular materials can mimic native human tissue microarchitecture, as tissues are

densely packed with cells through which other cells cannot travel and must instead travel between 

cells. Granular materials have had many applications in the biomaterials field, from biofabrication with 

3D printing27–29, to wound healing with MAP particles30, and to studying cell behaviors as a function of 

particle size and shape24,31. Thus, a granular system provides a potential platform from which to create 

a relevant PDAC model.

The goal of this work was to create granular systems with tunable interparticle interactions based on 

the biopolymers HA and gelatin to study PDAC cell migration. HA was modified to become UV-

crosslinkable via coupling of a norbornene group to the n-acetylglucosamine group of the HA 

backbone, termed NorHA. This NorHA was then used to formulate microparticles on the lengthscale of 

cells. Because HA is an anionic biopolymer, we aimed to tune interparticle interactions via dynamic 

electrostatic interactions. To do so, gelatin was modified to contain additional amine or carboxylic acid 

groups to create a cationic or anionic interstitial material, respectively. Intermediate charges of gelatin 

were also tested by using gelatin types A and B to alter the extent of gelatin adsorption to the NorHA 

particles. To test this system for use as an in vitro PDAC model, three primary goals were outlined. 

First, the change in variables, namely jamming fraction, (+) Gel concentration, and gelatin zeta 
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potential, were correlated to changes in porosity, microstructure, and rheological properties. Second, 

cell migration behaviors were studied over time as a function of jamming fraction, (+) Gel concentration,

and gelatin zeta potential. These behaviors included mean squared displacements, and instantaneous 

and average cell speeds. Third, we examined changes in vimentin concentration over time as a 

function of jamming fraction and gelatin zeta potential. Vimentin is a well-known EMT marker, and it 

was expected that cells would increase vimentin expression when in an environment conducive to cell 

motility.

Methods

NorHA and gelatin syntheses and characterization

NorHA was synthesized using a previously described method32. Briefly, sodium hyaluronate was mixed 

with Dowex resin for 2-3h, followed by filtration and pH correction to roughly 7 to fabricate HA-TBA. 

Post-lyophilization, HA-TBA modification was measured using H1 NMR. Based on this modification, HA-

TBA was then reacted with 5-norbornene-2-carboxylic acid to form NorHA through an esterification 

reaction with di-tert-butyl dicarbonate and 4-dimethylaminopyridine. The degree of modification was 

calculated based on H1 NMR spectra to be 16-21% (SI Fig. 1).

Positively-charged gelatin ((+) Gel) was prepared as described in Chapter 3 and modified based on a 

previously reported method33. Briefly, cationic gelatin ((+) Gel) was prepared by reacting gelatin Type A 

(300 bloom) at 2wt% in PBS with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC HCl, Sigma), N-

hydroxyl succinimide (NHS), and ethylene diamine (EDA) (Fig. 1B). Per gram of gelatin, the weight 

ratios of reactants were 1:0.6:3.6 of EDC:NHS:EDA. The gelatin was first dissolved in PBS, then NHS 

and EDA were added to the solution. The pH was adjusted to 5.5 to 6, after which EDC was added. 

The pH was then further adjusted to 4.5 to 5 and allowed to react for approximately 24h. The (+) Gel 

was then dialyzed against DI water for 2-3 days at room temperature. A fluorescamine assay was used 

to determine the change in amine groups using a calibration curve with glycine and compared with 

unmodified gelatin.

Anionic gelatin ((-) Gel) was prepared using succinic anhydride using a method similar to synthesizing 

norbornene-modified gelatin34. Gelatin (type A, 300 bloom, Sigma) was dissolved in PBS at a 

concentration of 5wt% in a 40oC oil bath. Succinic anhydride was then added to a final concentration of 

10wt%. The pH of the solution was adjusted using 10M sodium hydroxide to a pH between 8 and 9. 

This solution was allowed to react for approximately 24h at 40oC. The solution was then purified via 

ultrafiltration against DI water. A fluorescamine assay was used to calculate change in amine groups.
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Gelatins type A (300 bloom, Sigma) and type B (from bovine skin, Sigma) were also used without 

further modification to test intermediate zeta potentials on material properties and subsequent cell 

migration behaviors.

NorHA microgel fabrication and jammed system preparation and characterization

Particle preparation

NorHA particles were fabricated as described in previous chapters. A precursor 3 wt% NorHA solution 

was prepared in PBS containing 0.313 mg/mL dithiothreitol (DTT, Sigma) and 6.6mM lithium phenyl-

2,4,6-trimethylbenzoylphosphinate (LAP, Sigma). This NorHA solution was homogenized in light 

mineral oil with 2% Span80 for 2 minutes at 3000rpm, followed by UV curing for 5min at approximately 

10mW/cm2. De-emulsification was started by adding isopropanol to the emulsion. After stirring the oil, 

particles, and isopropanol, the mixture was filtered over a 0.22μm hydrophilic PVDF membrane with 

vacuum. Microgels were washed an additional two times over the filter with isopropanol. After filtering, 

the microgels were left to dry then added into a 50mL conical and vortexed with 70% ethanol and 

placed on a rocker at least overnight. To finish processing, microgels were washed with PBS four times

using centrifugation to ensure ethanol removal and equilibration in PBS. Microgels were then filtered 

over a 40µm cell strainer and stored at 4oC until needed.

Preparation of jammed microgel systems

Particles were jammed in pre-weighed eppendorf tubes at 21130xg for 5 minutes. Excess PBS or 

media was then removed. Particles were centrifuged again if needed to fully remove excess PBS or 

media. Once particles were packed, the particles were weighed out. Based on this weight, gelatin 

solutions were added to achieve a 0.3 jamming fraction. To achieve a 0 jamming fraction, the particles 

were centrifuged again and excess solution was removed. To achieve a 0.5 jamming fraction, additional

PBS was added to the particles.

Characterizations

Rheology
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Rheological characterizations were carried out on a stress-controlled rheometer (DHR-3, TA 

instruments). Materials were freshly prepared prior to testing. A sandblasted 8mm parallel plate system 

was used due to microgel size. Sandpaper was used on the bottom of the Peltier plate system to help 

prevent slip. Frequency and strain sweeps were conducted at 37oC with a 1%, and oil was placed 

around the sample edges to prevent dehydration during testing.

Zeta potential

All materials were prepared in filtered 0.1X PBS. For the gelatin samples, all samples were prepared at 

5mg/mL. NorHA microgels were tested at 3mg/mL due to their size. Zeta potentials were measured 

using a zetasizer (Zetasizer Ultra, Malvern) and calculated using the Smoluchowski equation. Each 

sample was run three times with independently-prepared samples.

Confocal microscopy, and area fraction and pore size calculations

NorHA microgels were prepared at different jamming fractions, (+) Gel concentrations, and gelatin of 

varying charge. The interstitial gelatin contained high molecular weight FITC-dextran (2MDa, Sigma) to 

aid in visualization during image acquisition. Images were acquired using a confocal microscope 

(Stellaris 5, Leica). Z-stacks were taken with slices set to 2µm for a total depth of 25-40µm. Area 

fraction was calculated from three independently-prepared samples for each jamming fraction, gelatin 

charge, and gelatin concentration using FIJI.

To calculate pore size, the FIJI plugin BoneJ was used35. Z-stacks from confocal imaging were 

thresholded using Otsu’s method36,37. Trabecular thickness was selected, as this corresponds to the 

pore space being measured. Pore sizes were extracted from the resulting thickness map and used to 

create pore size distributions (SI Fig. 3).

PDAC culture

366-PDACs with GFP luciferase were kindly provided by the Bauer lab at UVA. These cells are derived 

from a PDAC tumor located in the pancreas and are considered non-metastatic. PDACs were cultured 

in TCP-treated flasks using RPMI 1640 with l-glutamine, 10% FBS, and 1% antibiotic-antimycotic. Once
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~70-80% confluence was achieved, PDACs were harvested using 0.05% trypsin in EDTA for 15 min, 

followed by neutralization with complete media and centrifugation at 130xg for 5min. After cell counting,

single-cell experiments were initiated.

Cell migration experiment setup and measurements

Support preparation and PDAC cell addition

To hold microgels in place during experiments, 4-5mm holes were punched into a roughly 3mm thick 

PDMS (Sylgard 184) slab using a biopsy punch. The PDMS slabs and a 6-well glass-bottom well plate 

were plasma treated with air for two minutes to allow the PDMS holders to bond to the glass. The well 

plate was then sterilized via UV exposure for 60 minutes.

NorHA microgels were prepared aseptically after hydration in 70% EtOH, with other steps described 

above occurring in a biosafety cabinet. Particles were washed with DPBS followed by washing with 

excess complete media. All gelatin solutions were prepared using PBS and were sterilized via UV 

exposure for 60min. Jammed microgels with different gelatin solutions were prepared aseptically 

according to the description above.

For single cell migration tests, PDACs were harvested using 0.05% trypsin for 15min. After counting, 

PDACs were resuspended to 50 million cells/mL. Per 50µL of support, 2µL of cell suspension was 

added and gently mixed using a wide-bore pipet tip, giving an approximate cell density of 2 million cells 

per mL of support. This cell-laden support was then added to the PDMS holders. Samples were 

prepared separately in triplicate. Using an Okolab on-stage microscope incubator with medical gas 

flow, z-stacks were taken every 15min for 15-16h. Cells used in these experiments were used at 

passages 17-20.

Single cell migration analysis

Widefield z-stacks obtained from the overnight experiments described above were analyzed using FIJI, 

adapted from a previously published method38. Z-stacks were converted into z-projections using 

maximum intensity then converted into 8-bit. From here, the background was subtracted and contrast 

enhanced by 0.1%. TrackMate39 was used to obtain tracks over time. Object diameter was set to 25µm 
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with a quality threshold of 0.1-0.2, and this was visually inspected prior to calculating cell tracks to 

ensure that only cells were detected. The LoG detector and LAP algorithms were selected. If drift 

occurred in a sample area, those tracks were removed using the ‘trim non-visible data’ function. Once 

tracks were calculated, a MotilityLab table was created and imported into MotilityLab40.  MotilityLab was

used to calculate mean squared displacements and mean track speeds. If consistent drift was 

observed, the ‘correct drift’ function in MotilityLab was used for correction. Significant differences in 

mean track speeds amongst tested groups were found using a one-way ANOVA test with post-hoc 

Tukey test. A p-value less than 0.05 was considered significant.

Instantaneous speed was calculated using the following formula:

v inst=
| xi−xi−1 |

t i−t i−1

Where the value of xi-xi-1 is the distance travelled by the cell, divided by the time41. To compare 

instantaneous speeds amongst tested groups, a one-way ANOVA with a post-hoc Tukey test was used,

and a p-value of less than 0.05 was considered significant.

Mean-squared displacements can be described by the following anomalous diffusion power law:

MSD=K τ α

Where K is a transport coefficient, tau is lag time, and alpha describes cell movement36,41. Subdiffusive 

behavior occurs when α<1, diffusive when α=1, superdiffusive when α>1, and ballistic when α=236,41,42. 

Linear regression was used after transforming the data to be on a log scale to obtain alpha for all 

materials tested. Tau below 25% of total tau was used to calculate α, as suggested by a previous 

study41 due to decreased sampling at longer timescales.

Yielding of granular support

Fluorescent beads (Fluospheres, 10µm, Invitrogen) were added to cell-laden and acellular supports, 

with a final concentration of 36,000-60,000 beads per mL of support. Supports were monitored over a 

16h time period as described above. Images were processed using the same method for tracking cell 

movements as described above. If drift was observed, these were corrected in MotilityLab prior to 

displacement calculations. Displacement was calculated by first calculating the displacements in x- and 

y-directions, then calculating the total displacement. A two-sample t-test was used to compare cell-

laden supports and the corresponding acellular supports.
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Vimentin staining

A live vimentin stain (BioTracker TiY Vimentin Live Cell Dye, Sigma) was used to evaluate vimentin 

expression over time. Cell suspensions and supports were set up as described before. The vimentin 

live stain was first prepared according to manufacturer’s directions by dissolving the dye in DMSO to 

create a 5mM stock solution. This solution was then diluted with PBS, then added to the interstitial 

gelatin solutions for a final gelatin concentration of roughly 2.94% and final vimentin concentration of 

1µM. Live imaging was then carried out as described earlier, with images being taken over a 15-16h 

period on a widefield microscope. Controls were cell-laden PBS-based supports. Images were 

processed in FIJI to create a z-stack using average intensity followed by background subtraction using 

a rolling ball algorithm. Mean gray values over a set ROI were then measured at hourly timepoints.

Results and Discussion

Materials characterization

The goal of this study was to formulate a particle-based system with tunable interparticle interactions. 

We also sought to understand the effects of interstitial material concentration and porosity on cell 

migrations within these developed granular systems. Hyaluronic acid is a well-characterized anionic 

polymer found upregulated in PDAC tumors that has been shown in the previous chapters to be easily 

modified via addition of the UV-crosslinkable moiety norbornene to formulate microgels. Thus, to 

modulate interparticle interactions with the above goal in mind, we aimed to alter zeta potentials of 

added interstitial gelatin solutions. To make cationic gelatin ((+) Gel), gelatin type A was reacted with 

EDA via EDC-coupling to modify the carboxylic acid groups, responsible for negative charges at 

physiological pH, to an amine-ending moiety, thus producing a positively-charged polymer (Fig. 1A). To

form a negatively-charged polymer, succinic anhydride can instead be added to a gelatin solution, 

replacing amine groups with carboxylic acid-containing moieties (Fig. 1B). Fluorescamine assays show 

an increase in amine groups with the amine-coupling reaction, from 224.65 ± 21.54 µmol of amine per g

of gelatin to roughly 500.08 ± 35.76 µmol of amine per g of gelatin. There was a large decrease in the 

amine groups for the negatively-charged gelatin, as expected. The amine group amount decreased to 

9.87 ± 1.34 µmol of amine per g of gelatin. The amine content for neat GelA and GelB, used in this 

study as intermediately-charged interstitial gelatin, were roughly similar, at 224.65 ± 21.54 and 234.55 ±

12.99 µmol per g material, respectively.
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Zeta potentials were measured for each material (Fig. 1E). For the anionic materials, zeta potentials 

were predictably negative, with a lower zeta potential for (-) Gel at -16.81 ± 2.97 mV, while GelB had a 

small negative charge of -4.80 ± 0.14 mV. As amine groups on the gelatin backbone increased, the 

charges predictably increased. GelA had a measured zeta potential of 2.08 ± 0.97 mV, and this 

increased to 13.76 ± 1.11 mV for the (+) Gel. This data, in combination with the fluorescamine assay, 

shows successful modifications of the gelatin backbones.
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NorHA microgels were characterized similarly. NorHA was first synthesized using a previously 

established method that couples a norbornene group to the n-acetylglucosamine sugar group on the 

HA backbone. Particles were made via batch emulsification. Particles were measured to be 9.91 ± 4.85

µm in diameter. Because a batch emulsification method was used, particle sizes were polydisperse, as 

seen in Fig. 1B. The coefficient of variation was calculated to be 48.99%, also indicating high 

polydispersity. Zeta potential of the particles was measured to be -8.64 ± 6.23 mV. When NorHA 

particles were mixed with interstitial gelatin of varying charges, a visual change in material behavior can

be seen. As the gelatin becomes more negatively charged, and thus the jammed particle system more 

repulsion-dominated, the jammed particle systems become more fluid-like, visualized using an 

inversion test. When 1% gelatin solutions were introduced to particles, clear differences due to gelatin 

zeta potential were observed, where increasingly negative gelatin solutions produced more liquid-like 

supports (Fig. 1F).

Jamming fraction alters confinement and influences cell migratory behavior

Rheological characterization and microstructural analyses were conducted to determine effects due to 

jamming fraction (Fig. 2A and B). As described in the methods section, jamming fraction refers to the 

extent to which NorHA microgels are packed based on particle weight, and higher jamming fractions 

correspond to lower packing densities. To rheologically characterize jammed supports containing 3% 

(+) Gel at different jamming fractions, frequency and strain sweeps were carried out. Frequency 

sweeps in Fig. 2A show primarily gel-like behavior for all tested jamming fractions, as seen by the 

constant storage and loss moduli values across the testing range. Frequency sweeps showed a 

decrease in G’ with jamming fraction. Strain sweeps for supports at all jamming fractions show a key 

rheological signature typically found in jammed microgel systems, where a peak in the loss modulus 

occurs at the moduli crossover point. Strain-stiffening behavior is seen in all tested samples, which 

could be attributed to the adsorption of (+) Gel chains onto the anionic NorHA microgels that are then 

being pulled at increasing applied strains. In comparison, PBS-based supports showed no strain-

stiffening behavior, as expected, and a clearer change in rheological properties as a function of 

jamming fraction. Additionally, the onset of strain-stiffening appears to be within a physiologically-

relevant range. It has been stated in previous studies that in 3D, cells can exert a strain between 20-

30% on the surrounding ECM43,44. Onset of strain-stiffening for these supports occurs at roughly 10% 

strain, marked by a departure in the linear regime of the storage modulus curve.

136





Microstructural analysis using confocal microscopy (Fig. 2C) was used to examine the changes in area 

fraction, average pore size, and pore size distributions as a function of jamming fraction (Fig. 2D). With 

jamming fraction increase, area fraction increased, as expected. This indicates a successful alteration 

in porosity of the supports. Average pore size similarly increases with jamming fraction, from about 6µm

in the highest packed supports to roughly 12µm in the lowest packing density group. This can be 

explained by examining the pore size distributions, which show an increase in the polydispersity of the 

pore sizes with jamming fraction. A lower packing density produces a larger distribution of pore sizes. In

the PBS-based supports, broader distributions were achieved as a function of jamming fraction but this 

change was smaller in comparison. PBS-based supports prepared at a jamming fraction of 0.5 attained 

a maximum pore size of 13µm, whereas supports prepared at the same jamming fraction but with 3% 

(+) Gel achieved a maximum pore size of 85µm. This difference in pore size distributions can be 

attributed to the presence of aggregate-like clusters in the (+) Gel-based supports. Additionally, the (+) 

Gel chains present on the NorHA microgels are likely contributing to attractive interparticle interactions, 

which has been previously shown to form similar microstructures45,46.Trends in the rheological 

properties of these supports were then correlated to area fraction and compared to PBS. As seen in 

Fig. 2E, a similar trend is observed for storage modulus and area fraction for both (+) Gel-based and 

PBS-based supports. Onset of yielding did not show any clear trend in the (+) Gel-based supports. 

Modulus crossover values tended to decrease with increasing area fraction and were similar between 

both types of supports tested. This data shows that packing density alters bulk stiffness values, likely 

due to the presence of larger pores, and interestingly the presence of (+) Gel seems to only alter 

yielding onset when compared to PBS-based supports.

Jamming fraction effects on PDAC migration were assessed. Porosity is a well-studied variable in cell 

migratory studies, as pore size can influence migration speeds and migration modes. Cells generally 

move through pores provided that the pores are larger than the nucleus to prevent nuclear damage. 

Thus, jamming fraction was studied to assess changes to PDAC cell migratory behavior. 

Representative cell tracks are shown in Fig. 3A, where greater displacement can be seen as jamming 

fraction is increased, signifying a lower packing density.

A key metric for cell migration is the mean-squared displacement (MSD) which describes average area 

covered by migrating cells. MSD is calculated as follows:

MSD=< (r (t+τ )−r (t ))
2
>
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Where r is the distance travelled at time t, and tau is lag time36,41. Cells had similar MSD values over the

course of the experiment regardless of jamming fraction. This would indicate that cells migrated over 

roughly the same area regardless of jamming fraction.
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As described in the methods section, a power-law model, termed the anomalous diffusion model, can 

be fit to the data for MSD, and is as follows:

MSD=K τ α

Where K is a transport coefficient, tau is lag time, and α is a constant that describes cell migratory 

behavior. At an α value below one, cells are considered sub-diffusive and would indicate primarily 

stationary cells or migration within a small region. A value equal to one represents diffusive motion, and

cells tend to move using a random walk pattern. An α value greater than one suggests super-diffusive 

behavior and cells migrate in a more persistent random-walk fashion. And an alpha value equivalent to 

two is considered ballistic motion36,41,42. Pore sizes for supports with 0 and 0.3 jamming fractions 

allowed for superdiffusive behavior, with the 0 jamming fraction condition having a higher value, while 

the 0.5 jamming fraction condition had an alpha value of less than one, indicating subdiffusive behavior.

This trend corresponds to results in a previous study monitoring T cell migration in a granular system 

comprised of Carbopol36. There, yield stress was modified by adjusting total polymer concentration, and

this in turn altered porosity. Similar findings were observed, where high yield stress and thus less 

porous supports enabled superdiffusive cell behavior, but this became subdiffusive as yield stress was 

decreased and pore size increased. Thus, as pore size increases, cell migration becomes increasingly 

subdiffusive and cells are generally not migrating outward from their original positions.

Instantaneous and mean track speeds were calculated as well (Fig. 2D and 2E). The speed at which a 

cell is migrating can help to indicate the mode of migration being used, being mesenchymal, lobopodial,

or amoeboid. In this study, mean track speed increased, but only significantly between the 0 jamming 

fraction and the 0.3 and 0.5 jamming fraction groups. Mean track speeds were found to primarily be 

within range for a mesenchymal migration mode, which has been considered to be less than 1µm/min47.

Instantaneous speed, on the other hand, shows greater values compared to mean track speeds and 

indicate lobopodial migration based on the speed values alone48. Because the supports consist of a 

large range of pore spaces, this difference in mean and instantaneous speeds could be due to this pore

size distribution. It has been well-characterized that cells migrate faster through smaller pore 

spaces49,50. Thus, cells may be migrating from small into larger pore spaces and track speeds 

correspondingly decrease as a result. This was observed in a study where controlled microchannel 

diameters were used to measure breast cancer migration49. As cells migrated through small channels 

and then large spaces sequentially, cell track speed decreased accordingly50. Another study also 

showed that the shape of the pore also plays a role, with cells opting for the ‘path of least resistance’51, 

and this could be a factor in these supports.
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(+) Gel concentration leads to greater travelled area and higher migration speeds

Previous studies have shown that quantity of cell-binding moieties, namely RGD, affect cell behaviors 

such as migration. In cancer research, amoeboid and mesenchymal migration modes have been 

extensively studied as a function of ECM and shown that low adhesion environments are conducive to 

amoeboid-based migration, while mesenchymal migration tends to occur in environments with high cell 

adhesion capabilities. Thus, we aimed to study (+) Gel concentration on cell migration behaviors within 

supports of varying (+) Gel concentrations. Similar to the above experiment, rheological and 

microstructural characterizations were carried out to test effects of (+) Gel concentration. For all tested 

(+) Gel concentrations, frequency sweeps showed primarily elastic-like behavior (Fig. 4A), in line with 

previous research. Strain sweeps showed that (+) Gel increased storage modulus compared to PBS-

based supports. Strain-stiffening also seemed to become more apparent with (+) Gel concentration 

(Fig. 2B). From this data, trends in storage moduli, yielding onset, and moduli crossover values were 

examined as a function of (+) Gel concentration (Fig. 2C). Increase of (+) Gel concentration produced 

supports with decreasing storage moduli values. This could be the result of increased electrostatic 

repulsions from the (+) Gel chains. Increasing (+) Gel concentration also caused an increase in yield 

onset as well as modulus crossover.

Area fraction, average pore size and pore size distributions were also analyzed using confocal 

microscopy. Confocal images show an increase in aggregate-like clusters with increasing (+) Gel 

concentration (Fig. 4D). Area fraction was higher in the PBS-based supports and were roughly similar 

for all (+) Gel-containing supports (Fig. 4E, left), which could be attributed to the (+) Gel chains pulling 

particles together via electrostatic interactions45. Average pore size also increased with (+) Gel 

concentration, but with 2% and 3% (+) Gel having similar average pore sizes (Fig. 4E, middle). 

Examination of pore size distributions shows an increasingly broad size distribution with (+) Gel 

concentration (Fig. 4E, right). Both 2% and 3% (+) Gel-based supports had nearly identical 

distributions. Due to similarities in rheological and microstructural properties of the 3% and 2% (+) Gel-

based supports, 0%, 1%, and 3% (+) Gel concentrations were used for cell migration studies.

Representative cell tracks show greater displacement as (+) Gel concentration increases (Fig. 5A). In 

Fig. 5B, MSD for supports with 3% (+) Gel were greater compared to the 0% and 1% cases, further 

showing that (+) Gel concentration, at least within the range tested here, promotes cancer cell 

migration. Alpha values calculated from the MSD data show no effect on cell migration pattern, as all 

tested (+) Gel concentrations had alpha values in the superdiffusive range (Fig. 5C). This indicates that 

(+) Gel concentration does not affect the migratory path used by the cells during migration.
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Mean and instantaneous migration speeds increased due to increased (+) Gel concentration (Fig. 5D 

and 5E). Instantaneous speed values show a greater proportion of cells are migrating lobopodially as 

(+) Gel concentration increases, and this change was found to be statistically significant. Mean track 

speeds, similar to the experiment above, showed primarily mesenchymal migration, but the average 

speed was higher in the 3% (+) Gel supports and decreased with decreasing (+) Gel concentration. 
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Again, the instantaneous speeds are significantly higher than mean track speeds and could be 

attributed to the broad pore size distributions present in the supports prompting speed adjustments and 

possible ‘trapping’ of cells within a pore space36,49,50,52.

Gelatin with different zeta potentials tune interparticle interactions and cell migratory behaviors

As described earlier, gelatin with varying zeta potentials were used to modify interparticle interactions 

due to the changes in electrostatic interactions between the anionic NorHA microgels and interstitial 

gelatin. As seen in Fig. 6A and B, modulation of the zeta potential of gelatin produced obvious changes 

in the rheological properties of the supports. Again, NorHA microgels with (+) Gel had higher storage 

moduli values and strain-stiffening behavior within a physiologically-relevant range. As the zeta 

potential of added gelatin became increasingly negative, storage moduli decreased and a more strain-

softening effect can be seen. Supports comprised of GelA and GelB were nearly identical, which can be

attributed to the nearly neutral zeta potential of those gelatin types. Storage moduli values showed a 

clear dependence on zeta potential (Fig. 6C), where (-) Gel increased electrostatic repulsion, and thus 

produced a ‘softer’ material as particles are not adhered to neighboring particles. Supports with GelA 

and GelB had storage moduli values near those of PBS-based supports. Supports with (+) Gel had 

higher storage moduli than the equivalent PBS-based support. Onset of yielding was found to have an 

interesting trend as a function of zeta potential, where the highest yielding onsets were found for the (+)

Gel- and (-) Gel-based supports, and those consisting of GelA and GelB had the lowest yielding onsets 

(Fig. 6C, middle). A similar trend was found for moduli crossover values (Fig. 6C, right). This could be 

due to gelatin-particle interactions, where, for example, (+) Gel leads to higher yielding onset and 

moduli crossover due to enhanced interparticle interactions keeping the bulk material in a gel-like 

configuration, whereas increased electrostatic repulsions could be attributed to the higher yielding 

onset and moduli crossover values in the (-) Gel-based supports.

Confocal microscopy showed clear differences in pore spaces (Fig. 6D). First, area fraction remained 

roughly consistent with zeta potential, showing that porosity is not heavily impacted by zeta potential of 

the interstitial gelatin (Fig. 6E, left). Second, average pore size remains roughly equivalent for supports 

with (-) Gel, GelB, and GelA. An increase is observed for (+) Gel-based supports (Fig. 6C, middle). This

can be explained by the pore size distributions (Fig. 6C, right) and confocal images. As seen earlier, (+)

Gel-based supports contain aggregate-like clusters, contributing to a broad pore size distribution. Upon 

decreasing the zeta potential, pore spaces look to be more evenly distributed and the pore size 

distributions show more narrow distributions compared to the (+) Gel-based supports. This change in
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distributions is due to the gelatin zeta potential, where increased electrostatic repulsions can cause 

particles to become repelled from neighboring particles.
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To examine the effect of interparticle interactions on cell migration, the same analyses as earlier were 

conducted. Representative cell tracks shown in Fig. 7A show a clear difference in displacements over 

the testing period with gelatin zeta potential. Mean squared displacement was measured as a function 

of zeta potential (Fig. 7B). Supports with (+) Gel had higher MSDs, followed by those comprised of 

GelA, then GelB and (-) Gel. The latter two had nearly identical MSD curves. Along with the cell tracks, 

this data indicates that (+) Gel allows for greater cell displacement. This greater displacement could be 

attributed to (+) Gel adsorption which may promote cell migration via cell traction. There could also be 

contributions due to the strain-stiffening behavior of the (+) Gel-based supports. It has been shown in 

previous studies that cells can locally strain-stiffen fibrils in the ECM to create a positive feedback loop 

that enhances migration53.

Alpha values calculated from the MSD data increased with zeta potential (Fig. 7C). Cells migrating 

within supports containing (-) Gel were subdiffusive, as alpha was below a value of one. GelB supports 

had a diffusive alpha, and both GelA and (+) Gel were conducive to superdiffusive migration, as α 

values were greater than one for both types of supports. GelA had a higher α value, which may be 

indicative of a greater persistent random walk behavior. The difference in behavior could also be 

attributed to the microstructural differences, as shown in Fig. 6D, where (+) Gel supports contain 

aggregate-like clusters not seen in the GelA supports. GelA-based supports instead appear to have 

more evenly distributed pore sizes, again shown in Fig. 6D. Thus, the paths available for cells to 

migrate through can differ, which may cause a ‘contact guidance’ type of phenomenon and therefore 

alter cell migratory paths22.

Mean and instantaneous speeds were measured as a function of zeta potential (Fig. 7D and E). Mean 

track speeds decreased with decreasing zeta potential, with significant differences occurring as the 

gelatin zeta potential transition from positively-charged to negatively-charged. Values were generally 

below 0.6µm/min, indicating primarily mesenchymal motion. A similar trend was observed in the 

instantaneous speeds but at higher values, with cell speeds being smaller than 3.5µm/min in general 

This thus indicates, like in the previous two sections, that cells can migrate in the lobopodial range, 

likely due to the presence of adhesive surfaces. The proportion of cells within this lobopodial regime 

decreases with increasingly negative zeta potential, as illustrated by the cell tracks were increasingly 

negative gelatin zeta potential leads to cells almost being at a standstill. As stated earlier, the difference

in mean and instantaneous speed values could be a result of microstructural differences along with 

changing pore sizes during migration leading to corresponding changes in migration speeds. Again, 

confocal microscopy shows that for GelA, GelB, and (-) Gel-based supports, a more even pore size 

distribution is observed, whereas (+) Gel-containing supports have much larger pore size distributions.
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This can influence cell migratory paths and lead to cells becoming ‘trapped’36,52, adjusting speeds due to

entering and exiting pore spaces of different sizes50, or selecting pore spaces that are more conducive 

to migration51.

Cells movements change with zeta potential

Cells were examined more closely in supports with gelatin of different zeta potentials. In the last 

section, zeta potential of the gelatin solutions appeared to have the greatest impact on cell migratory 

behavior, and thus were investigated more closely. In supports containing (+) Gel, two migration types 

are seen. For one, migrating cells showed a more adhesion-based phenotype where extensions were 

used for the cell to move through, as shown in Fig. 8A where over the course of 6.25h, the cell has 

migrated downwards about 20µm and appears to move around microgels, forming what appear to be 

lamellipodial-like extensions. For two, motile cells within these supports would instead show rapid 

movements in the form of ‘hops’, as illustrated in Fig. 8B, where the cell migrates about 20µm but no 

extensions are observed. This could be simply due to sampling interval and this cell moving at a faster 

speed compared to the one shown in Fig. 8A, thus limiting chances for observing cellular extensions.  

For GelA-based supports, migratory cells also show a similar pattern to that of the cell in the (+) Gel-

based support, but slower. In the GelA-based support, a migrating cell is shown to create lamellipodial-

like extensions that can bind to another region to allow the cell to move, albeit at a smaller 

displacement compared to cell in the (+) Gel-based support. For GelB and (-) Gel-based supports, an 

interesting phenomenon takes place where cells will create extensions, but possibly due to the lack or 

decrease of gelatin adsorption to NorHA particles, cells are less likely to migrate through pores and the 

extensions retract back towards the cell. Thus, it is likely that the (+) Gel chains adsorbing onto the 

NorHA microgels may be providing a source of traction to allow cells to migrate in the (+) Gel-based 

supports that may be lost as gelatin becomes increasingly negative.

Cells likely utilize pore space to migrate

Analysis of bead displacements within cell-laden and acellular constructs was conducted to assess if 

cells were modifying or yielding the material to migrate through the supports (Fig. 9). We anticipated 

that, based on a previous study with Carbopol36 and controlled pore aspect ratios51, that cells would 

adopt a ‘path of least resistance’ motion and move primarily through the available pore spaces. Effects 

from zeta potential and jamming fraction were studied. Controls with PBS were examined as well. If 
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cells yield the material, a significant difference in bead displacements would be noted, while no change 

in displacement would be observed if cells are instead using the available pore space. A similar 

analysis was completed in a previous study on T cell migration in Carbopol-based granular supports36. 

In this study, bead displacement in cell-laden granular supports were compared via two-sample t tests 

to bead displacements in corresponding acellular granular supports. In short, this analysis revealed that

no significant differences between cell-laden bead displacements and the corresponding acellular bead 

displacements were found, thus indicating that PDAC cells are likely migrating via available pore 

spaces rather than yielding the local region.
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Vimentin expression is greater in (+) Gel-based supports

Vimentin is an intermediate filament and biomarker found in cancer cells that have undergone EMT54. 

Because of this, it is being examined as a therapeutic target55. During migration, vimentin acts to 

protect nuclei from damage as cells migrate through porous materials using any cell migration mode. 

Additionally, cells utilized vimentin when migrating mesenchymally to help establish focal adhesions 

with the ECM56. Vimentin expression via a live fluorescence stain was monitored over a 16h period. 

When examining the effect of gelatin zeta potential, there is a clear difference between the (+) Gel-

based support and the rest of the gelatin-based supports. Vimentin expression was higher over the 

entire testing time on average for supports with (+) Gel. This corroborates the quantified migration data,

where higher cell speeds and MSD values were found, and thus can indicate that the environment 

provided by the (+) Gel-based support is conducive to cell motility. This could be a result of the likely 

adsorption of (+) Gel chains onto the anionic NorHA microgels, providing an anchor for the cells to use 

to move through the pore spaces of the support, especially since vimentin is also part of focal 

adhesions that are likely forming in this support. Interestingly, nearly identical vimentin expressions 

were calculated for GelA, GelB, and (-) Gel supports, despite the enhanced migratory behavior of cells 

within the GelA-based support. The effect of jamming fraction on vimentin expression was also tested. 

Vimentin had the highest expression in the 0.3 jamming fraction support compared to 0 and 0.5. The 0 

jamming fraction case had the lowest vimentin expression and was comparable to supports without any

gelatin (Fig. 10B and C). This could be attributed to other signaling pathways like the Hippo pathway or 

cytoskeletal changes that can be involved in the cell migration process, and further studies into 

measuring these variables would help provide insight and pinpoint specific mechanisms being used by 

cells in this study.

Conclusions and Future Work

A tunable, dynamic system was created by simply adjusting zeta potential of added interstitial gelatin 

solutions to packed NorHA microparticles. This tunable system introduces granularity, similar to in vivo 

microarchitectures, maintains constant total polymer concentration and is inherently porous. This 

produced particle-based supports with varying interparticle-interactions, and strain-stiffening behavior in

the (+) Gel-based supports, similar to native tumor ECM characteristics. By increasing zeta potential, 

PDAC cells became increasingly motile, with the fastest migration speeds achieved in the (+) Gel-
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based supports within the lobopodial migration range. This is also seen in the MSD and calculated α 

values, where PDAC cells migrated more over the testing period and had superdiffusive α values in the 

positively-charged gelatin samples compared to the negatively-charged gelatin-based supports.

Future experiments for this chapter include measurements of other EMT biomarkers through 

techniques like RT-PCR and Western blots. These experiments would provide more insight into how 

granular support properties affect cell migratory behavior. YAP/TAZ nuclear localization is also known 

to play a role in EMT as well as mechanosensing in general. This could be done via staining after fixing 
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cells at specified time points. Staining of actin networks with phalloidin could also be done to help 

further understand the effect of support mechanics on cytoskeletal rearrangements during migration. 

Further examination into the current vimentin experiments may need to be done to ensure that all 

parameters are equivalent or to re-process to correct for any discrepancies. Other future experiments 

would aim to further dissect cell-material interactions during migration. For instance, traction force 

microscopy could be employed that would provide additional insight into material yielding behaviors as 

well as calculate forces put onto the material as a cell is migrating. This can be combined with further 

analysis correlating cell shape and pore shape, as well as examining any differences in rescaled pore 

size and step size distributions36.
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Chapter 6:

Conclusions and Future Work

Conclusions

In Chapter 2, 3D printing of tunable perfusable channels was achieved using a microgel-based ink and 

support. By using a microgel-based ink and formulating both the ink and support with single-digit 

particle diameters, smaller filaments were able to be printed. However, this may have been limited due 

to the 3D printing motor, as the turning of this motor ultimately can dictate the extruded volume. 

Channels could be perfused and we showed HUVEC linings could be obtained as well as enhanced 

fibroblast viability when embedded in the surrounding support. This work paves the path towards future 

endeavors in complex, vascularized in vitro models.

In Chapter 3, NorHA microgel supports could be tuned through the inclusion of (+) Gel, forming a 

dynamically-crosslinked, porous system. The dynamic electrostatic interactions tethered particles 

together as the (+) Gel adsorbs onto the anionic NorHA microgels. Rheological studies showed that 

strain-stiffening behavior occurs in the presence of (+) Gel, and (+) Gel-containing formulations 

displayed poroelastic-like behavior, with the caveat that the interaction system being used here is 

dynamic so particle rearrangements can still occur under compressive loading. These two 

characteristics provide a more physiologically-relevant model, as native tissues exhibit strain-stiffening 

and poroelastic behaviors. The dynamic nature of electrostatic interactions also allows for the use of 

this material system in injectable applications such as 3D printing and cell delivery. However, additional

work is needed to enhance cell viability within these granular formulations. This work, however, still 

remains promising.

In Chapter 5, the tunability of the electrostatic granular system was further developed by modifying the 

zeta potential of gelatin. The concentration of (+) Gel and jamming fraction were also assessed for 

effects on single cell migratory behaviors. It was found that by altering the interparticle interactions via 

modulation of gelatin zeta potential, cell migratory behaviors could be altered. This work sets the stage 

for a variety of applications in cancer research as well as cell migratory work in general, as nearly all 
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cell types are affected by ECM mechanics. The work provides an easily tunable platform in which 

granularity is introduced and total polymer concentration can be kept consistent between groups.

Future Work and Applications

Future Work for Chapter 2: Biofabrication strategies and applications

Extravasation studies of cancer cells and pathogenic infections and vasculature-pathogen interactions

Cancer cell extravasation is a required step in the metastatic cascade. Once a cancer cell is in the 

blood vasculature, the cell attaches to the vessel wall, and enters into another tissue1. However, 

extravasation is a difficult process to monitor in vivo due to limited imaging techniques1,2 and time1,3,4. 

Thus, a printed channel, or a network of printed channels, could be formed, processed, endothelialized,

and then used to flow cancer cells through and continuously monitor extravasation and test variables 

that enhance this capability such as tissue mechanics, or therapeutics that could potentially inhibit this 

process. A recent study showed promise in this area by creating a vascular network with organ-like 

chambers5. The system developed in Chapter 2 could thus be used in this capacity.

Similar to cancer cells, parasites are known to undergo an analogous process called parasitic tropism6. 

For parasitic diseases like malaria, part of the parasite life cycle involves the parasite exiting the blood 

vasculature and entering the liver, where the parasite can fully mature prior to exiting and traveling into 

the next mosquito7. However, the determination of where a parasite may extravasate into to begin this 

step in a lifecycle can be difficult to test6. Thus, to further understand this step in a parasite lifecycle and

be able to test therapeutics that target this aspect, relevant in vitro models may be required. By being 

able to print endothelialized channels using the materials and techniques developed in Chapter 2, an 

endothelial channel could be established, then a chemotactic gradient can be formed using a parallel 

reservoir. A parasite-laden solution can be perfused through the channel and the effect of chemotactic 

gradients and local mechanics can be tested to help pinpoint to which variables the parasite in question

is responsive. This would provide further understanding into this phenomenon and establish technology

that can be used to test therapeutic efficacy.
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Pathogenic diseases can often interact with blood vasculature. For example, during the COVID-19 

pandemic, it was observed that the virus, while primarily causing respiratory illness, can affect blood 

endothelial cells and cause serious complications such as thromboses8,9. Other infectious diseases like 

Ebola and other hemorrhagic fevers10, HIV11, and complications from cancer like sepsis12 also heavily 

affect vasculature. As a result, an in vitro model that can accurately mimic a native blood vessel would 
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be of great importance for immediately identifying any other possible routes that an infection might use 

and how to therapeutically target these routes.

Lymphatic vessel engineering

Lymphatic capillaries are a crucial yet often overlooked aspect in tissue engineering. Like blood 

vasculature, lymphatic vasculature is found in nearly all human tissues and plays a significant role in 

normal functions like immune cell trafficking13, but also in aberrant functions like cancer metastasis13,14. 

These capillaries are located near the blood vasculature and exist as blind-ended channels. Tissues 

have interstitial flow that travels from the vasculature to these blind-ended channels and this interstitial 

fluid is comprised of tissue waste products and proteins. These blind-ended channels conglomerate 

into larger lymphatic vessels that eventually enter a lymph node, from which immune cell trafficking can

be coordinated if needed. From the lymph node, the filtered material travels into the main blood stream.

Lymphatic capillaries differ from blood capillaries in structure13. Blood capillaries are often referred to as

having a ‘zipper’ configuration due to the structure of the tight junctions, whereas the lymphatic 

capillaries have a ‘button’ configuration, as there are less tight junctions in comparison15. Previous work

has shown that the inclusion of lymphatic channels within an in vitro system can be crucial to aspects 

like endothelial channel stability in an engineered construct16. Thus, inclusion of lymphatic vasculature 

must be considered when designing in vitro systems.

Preliminary work has shown that the printing technique outlined in Chapter 2 can be used for printing 

and evacuation of blind-ended channels. A printed blind-ended filament is shown in Fig. 1A. The gelatin

ink can be evacuated, leaving behind an open blind-ended channel that remains open over an 8-day 

period. Mediated by the receptor LYVE-1, lymphatic endothelial cells would be expected to readily 

attach to the NorHA support, as this receptor mediates binding to HA in native tissues17. Printing can be

used to establish a blood-lymphatic network, as seen in Fig. 1B, where a blind-ended channel, shown 

in red and representing lymphatic vasculature, can be printed between two branching then unifying 

channels, shown in green and representing a branching blood vascular network. Thus, the technique 

and materials developed in Chapter 2 provide a platform in which complex vascular networks could be 

created.

Addition of unidirectional flow to endothelialized network

166



It is well established that blood flows unidirectionally from the heart to the tissues, then back. In the 

devices and endothelialized channels shown in Chapter 2, bidirectional flow was used. Bidirectional 

flow, however, has been shown to give blood endothelial cells a diseased morphology and barrier 

properties compared to unidirectional flow18. As a result, the device in chapter 2 would need 

improvements. To do this, a peristaltic pump can be used to flow media in a unidirectional manner (Fig. 

2). This would require modifications to the device, where needles can be used to create channels within

the PDMS that can attach to tubing that then connects to the pump. The flow within this system can be 

adjusted to reach physiologically-relevant flow rates. This system can also be adjusted to perfused 

multiple devices. Additionally, it is known in some diseases can produce aberrant flows and thus this 

could be easily adjusted in this system.
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Growth of spheroids as function of support properties

Granular supports have been previously used to examine spheroid or collective cell growth over time19. 

From Chapter 2, NorHA-based microgel supports can be tuned by simply adjusting the local microgel 

mechanics via crosslinking density. As crosslinking density decreased, bulk mechanical properties 

changed accordingly, as illustrated in the yield stress values. Yield stress can have an influence in 

spheroid behaviors. Additionally, the ability to inject a cell-dense or cell-only ink is advantageous in the 

biofabrication field. Preliminary work in Fig. 3 shows that cells, when injected into NorHA-2 and -8 

supports with or without post-injection crosslinking via brief UV exposure, tended to grow more rapidly 

in the NorHA-2 supports compared to the NorHA-8 supports, and this was independent of crosslinking 

of the interstitial NorHA solution. This paves the path to creating more complex microenvironments, 

such as those of PDAC, with the inclusion of an endothelialized channel to more accurately mimic 

native tissue environments.

Future Work for Chapter 3: Injectable granular hydrogel applications

Wound healing applications

A primary application for injectable materials is wound healing. This is a complex cascade that 

produces the self-healing behavior found in native tissues. However, pre-existing conditions such as 

diabetes can prevent full functioning of this cascade due to inadequate immune response20. Thus, 

materials conducive to wound healing, through cell or therapeutic delivery, must be developed. The 

work described in Chapter 3 shows great promise in this type of application. The electrostatically-driven

granular gel was shown to be injectable and possess characteristics found in native human tissue such 

as granularity, strain-stiffening behavior, and poroelasticity. However, the viability data from Chapter 3 

showed low shear-protecting capabilities of the granular system. Thus, further work to achieve this 

must be accomplished. Previously, shear-protection of cells has been accomplished through careful 

design of hydrogels to enhance shear-thinning behavior to relieve mechanical stresses that cells can 

experience during extrusion. In the system described in Chapter 3, this could include the addition of 

another polymer, such as hyaluronic acid, to help create a shear-thinning environment between the 

particles that can improve cell viabilities. By enhancing cell viabilities within the granular hydrogel, 

further applications into delivery fibroblasts to aid in wound healing can be developed.

3D printing
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3D printing remains a key technique in the development of customized in vitro models. Similar to 

injectable hydrogels, 3D printing has the same requirements in addition to other necessary features 

such as filament formation and shape fidelity upon deposition onto a substrate. The system developed 

in Chapter 3 showed these requirements, where the granular system required low pressures for 

extrusion and exhibited self-healing behavior. Good filament formation was also observed when testing 

the effects of (+) Gel concentration on microgel formulations. Thus, the microgel-based formulations 

developed in Chapter 3 provide a good platform for future applications in creating 3D printed, cell-laden

constructs.

Creating injectable cell delivery system with endothelial cells

Other cell types, such as endothelial cells, have been used in previous studies to demonstrate 

therapeutic effects for wound healing applications21–23. Endothelial cells are commonly examined as 

tissue regeneration requires a blood supply for proper oxygenation and nutrient diffusion to aid in 

proper tissue regeneration. Thus, once shear-protecting capabilities have been improved, further 

examination into long-term cell viability and other cellular behaviors can be conducted. This can be 

done via metabolic testing through repeated alamar blue assays, or repeated live/dead assays. If 

endothelial cells are to be studied, further work into vascular network formation such as quantification of

branching and expression of VE-Cadherin can be conducted.

Future Work for Chapter 5: directed PDAC migration, and vasculature and immune cell inclusion

As shown in Chapter 5, tunable granular material systems can be used to modify an environment in 

which cancer cells reside and thus examine the environmental effects on single cell cancer migration. 

To dive further into this project, a few key paths can be taken. One, a chemotactic gradient can be 

introduced. Two, collective PDAC migration can be studied using the same tunable system developed n

Chapter 5. And three, cell types relevant to the PDAC microenvironment can be studied and even 

included with PDAC cells to determine if migration is modulated as a result. These paths aim to help 

create a more physiologically-relevant in vitro PDAC model.

Cancer cell migration in the presence of a chemotactic gradient
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Cancer cells, like many other cells, can migrate directionally in the presence of a chemotactic gradient. 

Within the tumor microenvironment, several gradients are created that attract cells like macrophages 

and regulatory T cells to help create an immunosuppressive environment, such as CX3CL1 and 

CCL1924. Gradients are also established that facilitate cancer cell migration outside of the tumor. For 

example, CCL-2, also known as MCP-1, can facilitate the extravasation of breast cancer cells into 

bone25 and lung tissues26. Thus, the tunable support system developed in Chapter 5 could be used for 

such studies to help further understand cancer cell migration in the presence of a chemoattractant 

gradient.
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In preliminary work, diffusive gradients can be established using a modified device shown in Fig. 4. 

Three reservoirs are in parallel, with the central reservoir designed to hold the microgels plus cells, 

while the two flanking reservoirs would hold media. One of these flanking reservoirs would contain a 

chemoattractant that can then diffuse down into the other media-only reservoir. This device is made by 

casting PDMS around a mold, then plasma bonding it to a glass slide or glass-bottom well plate. The 

central reservoir contains the support with dispersed cells or spheroids. In Fig. 4B, diffusion of a 20kDa 

FITC-dextran solution was measured over a 16h period in a support consisting only of highly packed 

NorHA microgels, showing that a chemoattractant gradient could be established using this technique. 

Migration of PDAC spheroids in the presence of a MCP-1 gradient was also assessed over a 72h 

period, showing dissemination of cells from the spheroid (Fig. 4C). Thus, this system can be used to 

further understand PDAC as well as other processes such as angiogenesis, lymphangiogenesis, and 

immune cell migration in the presence of a chemoattractant gradient.

Collective cell migration studies using spheroids

While the tunable electrostatic system characterized in Chapter 5 showed to have an impact on single 

cell migration when bulk mechanics were modified via tuning gelatin zeta potential, the use of spheroids

to study collective cell migration would be more physiologically-relevant. Tumors are generally 

collections of cells rather than single-cell dispersion throughout a tissue. Collective cell migration is a 

complex process where cells in a spheroid coordinate with other neighboring cells to invade the local 

tissue. Typically, there is a ‘leader-follower’ setup where cells from the edge of the spheroid invade into 

the surrounding material and other cells follow in response27. Mechanics of this environment also play a

role in how collective cell migration occurs. If resistance is high, more branching may be observed 

rather than single cells leaving the spheroid environment27,28. From Chapters 4 and 5, other cues such 

as porosity play an important role in cell migration, and thus, the developed tunable granular support 

system from Chapter 5 can be used to study the effects of mechanics on collective cell behavior.

Preliminary work in Fig. 5 shows that packing density/porosity and (+) Gel concentration play a role in 

collective cell migration of PDAC spheroids. In samples containing 3% (+) Gel, noticeable invasion of 

the PDAC spheroids is observed. This was not the case in the 0-2% (+) Gel scenarios. Vimentin 

expression was also tested as a function of gelatin zeta potential, as seen in Fig. 6, where vimentin 

expression was greater in (+) Gel-based supports, followed by GelA, then (-) Gel and GelB. Futurework

into collective cancer cell migration within these supports would entail measuring the invasive radius 

over time, rate of invasion, and complexity, described by the following equation29:
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Complexity=
P2

4 π∗A

Where P is the perimeter of the spheroid and A is the area. For a perfect sphere, complexity would be 

measured as a value of one. If sprouting is observed, then we expect that complexity will increase29. 
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With the change of interparticle

interactions, along with the work shown

in Chapter 5 and preliminary spheroid

work, we also expect that greater

collective cell migration will be observed

in the (+) Gel-based supports.

Inclusion of other relevant cell types

The PDAC TME is not homogeneous.

Other cell types are heavily involved in

the progression of this TME (Fig. 7). The

pancreatic stellate cells, as described in

Chapter 4, overproduce collagen,

hyaluronic acid, and other ECM components to form the dense stroma characteristic of the PDAC TME.

These cells are also involved in coordinating the metastatic cascade, allowing PDAC cells to migrate 

out of the TME and towards the lymphatic and/or blood vasculature30. Immune cells such as 

macrophages 

are very 

common in the 

PDAC TME. The

immune cells 

receive signals 

from 

chemokines like 

TGF-beta and 

MCP-1 that 

instruct immune 

cells to maintain 

an 
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immunosuppressive environment24,31. Thus, a physiologically-relevant in vitro PDAC model must include

these cells types.

While the PDAC TME is hypoperfused, vasculature can still play a role in progression, namely in the 

metastatic cascade. Cancer cells can migrate to either blood or lymphatic vasculature, and immune 

cells such as T-cells are trafficked through the lymphatic system32. Blood endothelial cells can also 

undergo phenotypic changes to become cancer associated fibroblasts33. Thus, the inclusion of these 

other relevant cell types would enhance an in vitro model for studies to further understand PDAC 

metastasis and namely the intravasation process.

Formation of cationic norbornene-modified gelatin ((+) GelNB) and fiber creation

Rather than adsorbing a cationic polymer onto an anionic microgel, multiple synthesis routes can be 

used to create a crosslinkable cationic gelatin. By reacting gelatin with carbic anhydride34, we can 

create gelatin-norbornene (GelNB) (Fig. 8A), already known to undergo crosslinking via exposure to UV

light in the presence of a dithiol crosslinker. However, this reaction produces an anionic polymer, as 

seen by the decrease in amine groups and zeta potential (Fig. 8B and C). To reverse this, GelNB can 

be reacted using the same EDC chemistry as shown in Chapter 3 to modify the carboxylic acid groups 

into amine-containing moieties35. This reaction is reproducible, where the number of amines across 

three different syntheses was calculated to be between roughly 550 and 800 µmol of NH2 per g of 

material, compared to approximately 240 µmol of NH2 per g gelatin in gelatin type A, and roughly 13 

µmol of NH2 in GelNB (Fig. 8B). Zeta potentials also predictably changed, going from slightly positive to

negative upon addition of the norbornene group, then to a higher positive charge upon addition of the 

amine moiety (Fig. 8C).

This (+) GelNB is also crosslinkable, as shown in the rheology testing (Fig. 9A and 9B). Predictably, as 

polymer concentration increases, so does the storage modulus. All polymer concentrations had at least 

a 1000x increase in storage modulus with exposure to UV light. The final storage moduli tested ranged 

from roughly 100Pa to over 1000 Pa for both (-) and (+) GelNB, demonstrating its wide range of 

potential uses in soft tissue engineering.

Because (+) GelNB is crosslinkable, several processing techniques open up. One of these is 

electrospinning, where an electric field is used to pull a polymer filament from a solution to form 

nanofibers. Electrospun fibers are typically on the nanoscale in diameter and have been shown in 

several previous studies to have many uses in biofabrication and tissue engineering. In Fig. 9C, (+) 
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GelNB fibers were successfully fabricated using this technique. Voltage and flow rate were altered to 

qualitatively assess differences in fiber production. Beading was observed under certain conditions, 

such as high voltage and low flow rate, as expected.

Several potential uses exist for (+) GelNB. Since (+) GelNB can be turned into nanofibers, these 

nanofibers can be added to NorHA microgels to reinforce the particles to one another, similar to what 

was achieved in Chapter 5. Altering of the particle:fiber ratio may yield interesting mechanical behaviors
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relevant to biofabrication techniques or injectable materials, as well as cell migration platforms. The 

ECM in many tissues is not only granular but contains fibrous proteins like collagen as well. Therefore, 

addition of (+) GelNB fibers can provide a potentially more physiologically-relevant in vitro model that 

could more closely mimic collagen fibrils.

Due to the charge present on the (+) GelNB, nanofibers of this material can be added to nanofibers of 

(-) GelNB or NorHA, forming a fibrous gel system that again can be used in applications requiring 

shear-thinning. A fully fibrous system may also prove useful in studying cell behaviors like cell 

migration, especially in a cancer or fibrotic setting. A previous study demonstrated the positive 

feedback loop of breast cancer cells with collagen fibers. As the cancer cells modulated the collagen 

fibers to where they became more aligned, the local TME changed, becoming stiffer. In turn, this ECM 

stiffness caused the cancer cells to become stiffer, and again in turn, this resulted in more local 

alignment of the collagen fibrils36. Therefore, it is possible to use a fibrous gel system to create an in 

vitro model to further study this behavior.
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