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Abstract 

Hydrogel materials are commonly used to model the mechanical properties of 

the extracellular matrix (ECM). Viscoelastic properties of the ECM have recently 

emerged as a critical regulator of cellular behavior in 3D, and changes in ECM 

viscoelasticity are observed in fibrosis and many cancers. While hydrogel materials 

with tunable stiffness have been extensively used to study the effect of mechanics on 

cell behavior, most engineered hydrogel materials don’t well recapitulate the 

viscoelastic properties found in the ECM. Additionally, viscoelastic properties in 

diseased tissue often vary in both time and space. This thesis reports a simple 

approach for manipulating the viscoelasticity of norbornene-functionalized alginate 

hydrogels via photoaddition of PEG-thiol using thiol-norbornene photoclick 

chemistry. Hydrogel stiffness was controlled with calcium addition, and stress 

relaxation controlled by addition of PEG, independently of stiffness. Addition of 

PEG produced gels exhibiting faster stress relaxation and increased creep. When 

evaluated in cells, faster relaxation led to increased cell volume and decreased 

sphericity in MSCs, and greater proliferation in breast cancer cells. Photopatterning 

of the gel embedded with MSCs led to morphologies in PEG-patterned regions 

consistent with fast-relaxing behavior and morphologies in non-patterned regions 

consistent with slow-relaxing behavior. 
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Chapter 1 

Introduction 

1.1 Hydrogels and viscoelasticity 

The extracellular matrix (ECM) is a complex, structured network of structural 

and nonstructural macromolecules made up of the space outside cells. The ECM’s 

composition varies widely between tissues – stiff tissues have a stiff constitutive ECM, 

while soft tissues have a likewise soft ECM - and complex interactions between 

molecules in the ECM and compositional changes in the cells that make them up 

continuously drive cell decision making. Changes in the mechanics of the extracellular 

matrix are observed in many disease and development processes, from cancer1–3 to 
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fibrosis4,5, making study of the interaction between the ECM and cells important in 

understanding cell behavior and disease. 

Hydrogels are the most often chosen ECM mimic for cell culture studies6, as 

they often have some combination of tunable stiffness, porosity or degradability, and 

ligand density. Early work with hydrogels focused on 2D studies, with cells grown on 

top of synthetic hydrogels made of polyacrylamide7 or polyethylene glycol (PEG)8. 

Synthetic hydrogel materials with tunable stiffness have been found to elicit different 

mechanical responses in cells relative to hard substrates like glass and tissue culture 

plastic and allow for substrate stiffness resembling that found in native tissue. Small 

differences in elastic modulus can produce dramatically different cell behaviors 

including changes in adhesions9, morphology10,11, proliferation12,13, and 

differentiation14. While synthetic hydrogels are ubiquitous in biological contexts, 

other alternatives such as protein gels made from collagen, fibrin, or many different 

ECM proteins (Matrigel), or carbohydrate derived gels like alginate and dextran are 

also commonly used in tissue culture work. Mammalian protein derived hydrogels 

provide an advantage over other in that they naturally feature some adhesive ligands 

for cells, but also a disadvantage due to cost and limited tunability in terms of their 

chemistry15. Alginate and dextran hydrogels present no ligands to cells and have 

minimal natural ability to bind protein, requiring addition of peptide or proteins for 

cell adhesion16. All three of these classes of gels feature different crosslinking 
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mechanisms; PEG gels feature elastic crosslinks where covalent bonds render the gel 

a single large molecule17. Alginate gels are ionic in nature, beaning that a few 

alginate chains form “egg box”-like structures around cations18. Gels made of protein 

are usually formed of noncovalent interactions in vitro, with collagen being the 

primary example (Fig. 1A). 

The extracellular matrix and other human tissues are not well modeled by 

elastic materials, as they also have physical properties like those of viscous liquids. 

While elastomers and many synthetic hydrogel materials store applied energy, many 

biological tissues exhibit hysteresis under cyclic mechanical loading19. Under a 

constant displacement or strain, many biological tissues respond with an 

instantaneous stress similar to an elastic material, but then dissipate stored energy in 

a time-dependent manner20–22 (Fig. 1B). Similarly, some biological materials deform 

continuously under a constant applied force and have non-recoverable deformations, 

similar to a viscous liquid 23,24. These time-dependent mechanical responses are 

consistent with viscoelastic material models, and in exhibited by most biological 

tissues. In the same way that most tissues have differing stiffness, biological tissues 

also vary significantly in stress relaxation. Tissues from the 100s of Pa stiffness in 

the brain to GPa stiffness all exhibit viscoelastic characteristics, but with differing 

relaxation times across a wide range of stiffnesses25 (Fig 1D).  
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At the nanoscale, viscoelasticity is thought to arise from a mixed set of 

interactions (Fig. 1C). The most studied viscoelastic biomaterial, collagen I, forms 

helical fibrils that interact via weak forces or entanglements. The weak forces holding 

collagen fibrils together are transient, and can break under loading conditions, 

allowing for viscous responses to deformation26. After deformations, collagen matrices 

reform weak bonds with adjacent fibrils, leading to stored plastic deformations22,27. 

The mechanism of collagen deformations depends on the applied strain – under low 

strain rates collagen fibers break and reform bonds with adjacent fibers, but at 

higher strain rates collagen fibrils themselves elongate due to sliding between 

adjacent collagens28,29. Fibrin30 and elastin31 also exhibit viscoelastic properties, but 

due to unfolding of regions of protein that contain hydrophobic amino acid residues 

when exposed to stress32. Proteins that unfold under mechanical stress often 

aggregate due to interaction between amino acids exposed while stretched, possibly 

providing another mechanism for observed plastic deformations. An additional 

molecular source of time dependent mechanical properties is water, which causes 

poroelastic responses in material. Tissues are largely made up of water, and 

poroelastic materials lose water when deformed. Water flows into or out of the 

network of poroelastic materials undergoing a change in volume, resulting in an 

increased viscous response when tested in compression or tensions but not for 

materials tested in shear33,34. 
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Figure 1 - Viscoelasticity in hydrogels and biological tissues A. Illustration of an 

idealized covalent tetra-PEG hydrogel, an ionically crosslinked alginate hydrogel and a 

physically crosslinked collagen gel. B. A stress relaxation test is performed using a constant 

strain applied quickly at time t=0 (top). An elastic material (middle) will not relax, while 

viscoelastic materials will relax over time (bottom). C. Molecular mechanisms of stress 

relaxation, including protein unfolding, weak protein-protein interactions, and molecular 

entanglements.  

 

1.2 Viscoelasticity in tissue biology and disease 

Many studies over the past two decades have demonstrated the importance of 

elastic modulus on cell organization, spreading, proliferation, and differentiation35–38. 

Mechanistically, cells are thought to exert tractions on their substrate through their 
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actin cytoskeleton and activate several downstream regulatory pathways in response 

to substrate stiffness, ranging from integrin clustering, conformational changes in 

talin or vinculin, activation of mechanosensitive ion channels and multiple types of 

downstream transcriptional activity39,40. These interaction processes span a range of 

forces and timescales41,42, which can be affected by materials with time-dependent 

mechanical responses and can cause the interaction between cells and biological 

tissues to differ greatly from interactions observed between cells and more elastic 

hydrogels. 

Several studies have explored the effects of differing degrees of matrix 

viscoelasticity on encapsulated cells (Fig. 2). Faster stress relaxation promotes cell 

spreading in fibroblasts43, MSCs44, and myoblasts45. Cells in faster relaxing networks 

are also known to remodel collagen fibers in an interpenetrating network or go as far 

as remodeling the hydrogel network itself by migrating through it or through 

densification via ligand clustering46. Collagen remodeling even happens across 

multiple scales – form local scales to tissue-wide44,47,48. Remodeling is also critical in 

cancer cell migration, which also occurs in networks with increased viscoelastic 

behavior49. Elastic hydrogels also inhibit cell cycle progression in cancer cells and 

fibroblasts, likely though means of mechanical confinement50. Chondrocytes and 

osteocytes also deposit more of their constitutive matrix in faster relaxing hydrogels 

relative to slower relaxing ones44,51, and MSCs are even driven towards osteogenic 
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fates in more viscoelastic hydrogels. Viscoelastic properties of the ECM also vary 

considerably in fibrosis and malignancy, both due to alterations in ECM protein 

makeup. Interestingly in some cases differences in viscous characteristic of tissue can 

be used to identify metastatic vs not metastatic tumor regions52 or even separate the 

boundary of a tumor that has the same stiffness as surrounding healthy tissue in the 

case of some glioblastomas1. 

 

Figure 2 - Role of viscoelasticity on cell fate and in disease Chart showing illustrated effect of fast 
versus slow relaxing substrates on individual cells. Fast relaxing conditions promote more spread 
and stellate morphology in fibroblasts, remodeling of collagen fibrils in Type I collagen gels, more 
time in replicative portions of the cell cycle, and matrix deposition and cell differentiation.  
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1.3 Prior work and approach 

 Hydrogels with tunable stress relaxation take on a variety of forms. Tunable 

viscoelasticity can be accomplished using dynamic or transient crosslinks45,53,54, 

modifying the polymer density and crosslink density together45,55,56, or by adding 

crosslinking modalities that have interactions weaker than covalent or even ionic 

interactions57–59. Alginate (Fig. 3A) is a naturally derived hydrogel that is ionically 

crosslinked and is often used as a viscoelastic substrate. Alginates of lower mass need 

a higher crosslinking (ionic) density to form a stable network but make up a more 

viscoelastic network than higher mass alginates crosslinked with fewer ions, due to 

their higher chain mobility43. Alternatively, prior work has shown that grafting 

monofunctional PEGs of onto higher molecular weight alginate also increased the 

viscoelastic behavior of higher molecular weight alginate hydrogels with PEGs 

possibly reducing entanglement interactions between alginate chains44,60 (Fig 3B). 

Grafting of 5kDa PEG was found to vary the stress relaxation behavior of higher 

molecular weight alginate across nearly two orders of magnitude (Fig 3). 

 However, most existent systems for modifying the stress relaxation of 

hydrogel materials do not allow for stress relaxation properties to me modified 

independently of stiffness in situ, instead often requiring dissolution of the gel and 

encapsulation, a process that is typically stressful and often deadly to cells. Because 

viscoelasticity often varies in time and space in disease models, we felt it important 



9 

to try to develop a system that recapitulates these characteristics via 

photochemistry. A few groups have developed system with phototunable stress 

relaxation, although all had the weaknesses of limited tunability, limited 

independence between stress relaxation and stiffness, or only transitioning towards 

less viscoelastic behavior61–63 (Table 1). With these characteristics in mind, we 

sought to develop a phototunable alginate system that allows for a similar range of 

tunability as achieved in prior work but performed in-situ and in mild conditions. 

 

 Figure 3 - Prior work on tunable viscoelastic alginate materials A. Structure of 

alginate, showing the interaction between carboxylic acid groups and divalent calcium ions. 

B. A cartoon of PEG of increasing masses being covalently added to alginate C. Data 

showing the stress relaxation effects of adding PEG to HMW alginate in differing degrees of 

substitution. 

 

 



10 

 

 

Table 1 - Prior work on phototunable viscoelastic hydrogel materials , and their 

characteristics 

  

Gel substrate Crosslink M echanism  Viscous mechanism Viscoelastic change Author 

PEG Thiol-norbornene links Thioester exchange Becomes less viscoelastic 62 

PEG Dynamic covalent links Dynamic covalent exchange Either 61 

Hyaluronic acid Thiol-norbornene links Host-guest interactions Becomes less viscoelastic 60 
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Chapter 2 

Creation and testing of an alginate hydrogel with 

tunable viscoelastic properties 

2.1 Overview of experimental work 

First, we modified alginate polymers known to have slow stress relaxation 

with norbornene functional groups to facilitate grafting of monofunctional PEGs. 

Alginate hydrogels are a common 3D cell culture substrate known to exhibit stress 

relaxation when ionically crosslinked. Norbornene methylamine was grafted to 

alginate using carbodiimide chemistry, a well-established chemistry64 for 
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functionalizing amines to alginate’s carboxylic acid groups (Fig. 4A). Quantification 

of this reaction using Ellman’s reagent found that 7% of the carboxylic acids used in 

this experiment were substituted with free thiols (Fig. 12). Norbornene functional 

groups can react with free thiols in solution in the presence of a photo-initiator via 

the cytocompatible thiol-ene reaction (Fig. 4A). Which has been shown to produce 

changes is stress relaxation depending on the amount of PEG added60,65  (Fig. 4B). 

This, in turn produces downstream changes in cell proliferative behavior and 

morphology (Fig. 4C) 
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Figure 4 - Photoaddition of PEG to tune stress relaxation in Alginate hydrogels 

functionalized with norbornene. A. Diagram shows the chemical steps involved in 

attaching PEG to alginate. Amine terminated norbornene is functionalized to alginate using 

NHS-EDC coupling. Norbornene-alginate reacts with PEG-thiol in the presence of 

photoinitiator and UV light. B. Molecular cartoon drawing shows Norbornene functionalized 

alginate crosslinked with calcium before and after introduction of PEG. C. Changes in stress 

relaxation produce morphological changes and increases in proliferation in cells. 
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2.2 M echanical testing of alginates 

Conjugation of PEG to alginate has been shown to produce changes in stress 

relaxation. Here, we sought to measure the effects of PEG photoaddition to alginate 

hydrogels. To approximate PEG-addition in cell-culture conditions, norbornene-

alginate hydrogels were ionically crosslinked, cut into 8mm circular samples with a 

biopsy punch to ensure samples had the same initial mechanical properties. To 

modify mechanical properties after gelation, samples were placed in buffers 

containing monofunctional 2 kDa PEG-thiols, exposed to a violet laser source, then 

allowed to swell in buffer to remove any unreacted material (Fig. 5A). Alginate 

hydrogels with a larger ratio of PEG-thiols to norbornene produced faster relaxing 

hydrogels (Fig. 5B, 13). Quantification of stress relaxation was taken by calculating 

the relaxation time (τ1/2) for each group (Fig. 5C, 14), and amplitude sweeps were 

performed to verify stress relaxation occurred in the linear viscoelastic region (Fig. 

11). Relaxation times varied from 840 seconds for unmodified alginate to 82 seconds 

for hydrogels where the concentration of added thiol exceeded the number for 

norbornene groups. Adding PEG in a 1.6 molar excess to norbornene produced 

similar stress relaxation times to a 1.2 molar excess, indicating that there is a 

diminishing effect at high PEG concentrations. Despite the enhanced stress 

relaxation rate with PEG photoaddition, the elastic moduli were similar to 

unmodified alginate gels for both relatively soft and stiff hydrogels (Fig. 5D, 15). 
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Additionally, creep-recovery testing was then performed on unsubstituted and 1.2:1 

thiol: norbornene hydrogels. In a creep-recovery test a constant stress is applied to 

the gel for a certain time, followed by a longer period of zero stress allowing the gel 

strain to recover. PEG-substituted hydrogels had significantly higher residual strains 

after creep-recovery testing, indicating more plastic deformation in these gels, (Fig. 

5E). Frequency sweep data of alginate hydrogels showed significantly increased lossy 

behavior on longer timescales (Fig. 12). Together these results show that 

photoaddition of PEGs in alginate hydrogels can allow for on-demand changes in 

stress relaxation and creep behavior of alginate hydrogels independent of elastic 

modulus.  
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Figure 5 - Alginate - norbornene hydrogels can be modified to exhibit faster 

stress relaxation when grafted with PEG thiols. A. Experimental overview of 

photoaddition of PEG-thiols to alginate-norbornene. B. Stiffness of alginate hydrogels with 

differing amounts of photo-grafted PEG. C. Stress relaxation tests of alginate-norbornene 

gels in B with different ratios of added PEG. D. Quantification of Relaxation times in C, 

showing the time taken for stress to reach half its initial value. E. Creep-relaxation testing 

of the No PEG and fully substituted PEG-alginate hydrogels. Statistics in B and D were 

performed using a Kruskal-Wallace multiple comparisons test, with **, ***, and **** 

indicating p < 0.01, p < 0.001, and p < 0.0001, respectively 
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2.3 Photoaddition of PEG to norbornene -alginate hydrogels 

promotes spreading in M SCs 

After establishing that our norbornene-alginate hydrogels have phototunable 

viscoelastic properties, we then sought to determine how cells respond to dynamic 

changes in stress relaxation rates. Alginate does not possess binding sites for cell 

adhesion, so peptides presenting the RGD-binding motif were coupled to norbornene-

alginate to allow for cell adhesion, as described previously44. Prior reports have 

demonstrated that mesenchymal stem cells (MSCs) have increasing protrusions and 

spreading in fast relaxing matrices compared to rounded morphologies in slow 

relaxing matrices44. We sought to determine if cell spreading could be induced on-

demand by triggered a transition from slow relaxing to fast relaxing conditions in the 

presence of cells.  (Fig. 6A). The amount of time in slow-relaxing conditions before 

PEG addition was varied for encapsulated mouse D1 MSCs. As expected, cells 

cultured in slow relaxing matrices for 7 days were very rounded with few protrusions 

(Fig. 6B). Intriguingly, cells in matrices that were transitioned from slow relaxing to 

fast relaxing were significantly less round, displayed numerous protrusions, and had 

significantly larger volumes (Fig. 6B-E). This effect depended on the time of 

transition, with a diminished effect for cells cultured in slow relaxing matrices for 

extended time periods initially.  



18 

 

Figure 6 - Photoaddition of PEG to norbornene-alginate hydrogels promotes cell 

spreading 

A. Timeline for each experimental group in panels B-E, showing time spent in fast and slow 

relaxing conditions. B. Representative 3D renderings (top row), outlines (middle row), and 

representative morphologies (bottom row) of mouse D1 cells at the end of 7 days in each 

condition. In the bottom row phalloidin fluorescence is shown in pink and DAPI in cyan.  C. 

Volume of cells in each condition D. Sphericity of cells in each condition and E. 2D solidity 

of cells in each condition.  



19 

 

2.4 Effects of time in slow-relaxing conditions on cell 

morphology 

To distinguish the influence of the initial culture period in slow relaxing 

matrices from the total time in fast relaxing matrices (both of which were varied in 

the experiments in Figure 3), we varied the time in the initial slow relaxing matrices 

but maintained the cells in the fast-relaxing matrices for 7 days for all groups. (Fig. 

7A). Morphological differences relating to time in slow relaxing conditions are less 

visually pronounced between all groups in fast-relaxing conditions (Fig. 7B). Cell 

volumes are similar between all groups in fast conditions between 0 and 3 days (Fig. 

7C), but higher than fast relaxing conditions, and sphericity and solidity (Fig. 7 D-

E) are significantly lower in each group that spent 7 days in fast relaxing conditions. 

Together, this indicates that MSCs seem exhibit different morphologies in slow and 

fast relaxing conditions, with time spend in slow relaxing conditions having little to 

no effect on cells after transitioning to faster conditions.  
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Figure 7 - Cell spreading in PEG-Alginate hydrogels does not depend on time 

spent in slow-relaxing conditions 

A. Timeline for each experimental group in panels B-E, showing time spent in fast and slow 

relaxing conditions. B. Representative 3D renderings (top row), outlines (middle row), and 

representative morphologies (bottom row) of mouse D1 cells at the end of 7 days in each 

condition. In the bottom row phalloidin fluorescence is shown in pink and DAPI in cyan.  C. 

Volume of cells in each condition D. Sphericity of cells in each condition and E. 2D solidity 

of cells in each condition. 
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2.5 Effects of transition from slow to fast relaxing conditions 

on cancer cell proliferation  

In addition to assessing the cell morphology in gel with varying stress 

relaxation, we also assessed proliferation of cells in slow and fast conditions. Stress-

relaxation conditions were adjusted from slow to fast-relaxing after 0, 1 or 3 days in 

culture, and all samples were fixed after 5 days (Fig. 8A). Cell-cycle progression was 

monitored by incorporating EdU after 4 days of culture (Fig. 8B). In each condition 

a significantly higher number of cells stained EdU positive after 5 days while in fast 

relaxing conditions as compared to cells in slow relaxing conditions as compared to 

slow relaxing conditions (Fig. 8C).  
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Figure 8 - PEG photoaddition promotes cell cycle progression in alginate 

hydrogels. 

A. Timeline of PEG photoaddition experiment with MDA-MB-231 cells. B. Fraction of 

EdU positive cells in each cultured condition. C. Microscopy images of cells in each PEG 

photoaddition condition. One-way ANOVA and Dunn’s comparison tests were used in B, ** 

indicates p <0.01 and *** p<0.001.  

 

2.6 Spatial patterning of PEG in alginate hydrogels and effects 

on cell morphology 

While photoaddition allows easy modification of alginate stress relaxation 

properties over time, thiol-norbornene reactions can straightforwardly be 

photopatterned, potentially allowing spatial control of cellular behavior. To this end, 

we patterned hydrogels using a collimated laser source and a simple laser-printed 
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photomask. To view the resulting patterns, 5% of the PEG used was labeled with 

FITC, enabling viewing of the pattern via a fluorescent microscope. Simple patterns 

could be easily made in a chambered cover glass or glass bottom plate, with decent 

fidelity (Fig. 9A). To attempt to quantify the pattern fidelity in 3D with this 

system, we patterned gel with lines of degreasing widths. Although pattern fidelity is 

good near the bottom of the gel (Fig. 9B), lines thinner than 50 μm are not 

preserved through the gel structure (Fig. 6C). Using these limitations, we patterned 

a gel containing D1 MSCs with fluorescent PEGs with 250 μm lines and fixed the gel 

after 7 days. Using a tiled scan of the whole gel, differing morphologies can be 

observed in regions with and without PEG (Fig. 9D). Cell morphologies in regions 

with and without PEG differed in quantified area, circularity, and solidity (Fig. 9E-

G). Cells in PEG patterned regions showed greater areas and decreased circularity 

and solidity, indicative of their greater number and size of protrusions. Overall, we 

demonstrate that this system can be used to pattern gels spatially, and that cells 

elicit a similar morphological response to being in a fast-relaxing local region of a gel 

as they do to being in an entirely fast-relaxing gel. 
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Figure 9 - Spatially patterned PEG allows for control of cell phenotype within 

the same gel. 

A. 2D FITC-PEG-thiol patterning example, scale bar is 500 μm. B. Bottom-up image of a 

patterned hydrogel, showing reproduction of the original pattern, alginate with C. A 

maximum intensity projection of a x-z slice of the gel. Scale bars in B and C are 250 μm. D. 

Shows cells seeded in a gel patterned with 250 μm stripes – FITC-PEG stripes are rendered 

in yellow, phalloidin an magenta and DAPI in cyan. Scale bar is 100 μm. E. Roundness of 

cells from regions with and without photopatterned PEG, F and G show circularity and 

solidity from those regions, respectively. **** indicates p>0.0001 using the Kolmogorov-

Smirnov comparison test.  
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Chapter 3 

Discussion, conclusion, and future work 

3.1 Discussion and conclusion 

In summary, this thesis demonstrates a straightforward method to produce 

alginate-based cell culture substrates with viscous properties that can be tuned after 

gel formation via photopatterning of PEG. The alginate hydrogel’s viscous properties 

vary independently of the elastic moduli and can be adjusted by modifying either the 

concentration of calcium or the concentration of alginate. Photoaddition of a 

commercially available PEG-thiol allows for straightforward modification of alginate 

viscoelasticity. Previous work has shown changes in stress relaxation of alginates 
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when grafted covalently with PEG before gelation, but here we show the effects of 

PEGs added to ionically crosslinked alginate gels. We also show that stress 

relaxation becomes faster proportional to the concentration of added PEGs up to the 

saturation limit of the norbornene functionalized to the alginate hydrogels. PEG-

modified norbornene-alginate hydrogels also showed increased creep during creep 

relaxation testing, again indicating that photoaddition of PEG increases the 

viscoelastic character of the alginate hydrogels. 

We also tested these PEG modified alginate hydrogels for their use as a 3D 

cell culture platform. Of particular interest was the ability to add PEG some time 

after gelation, to allow cells to spend time in a slow relaxing condition, and then 

spend time in a fast-relaxing condition, a change that has relevance to previous 

studies that have observed cells having mechanical memory of previous stiffness 

conditions and to relevance certain types of cancer42. Previous studies have found 

that fast relaxing hydrogels promote cell spreading and cell cycle progression while 

slower relaxing hydrogels do not. Fast relaxing hydrogels in this study were also 

found to facilitate MSC spreading, with cellular spreading and volume proportional 

to the total number of days these cells spent in fast-relaxing conditions. MSCs were 

also not observed to have any significant memory of time spent in slow relaxing 

conditions, as cells displayed similar phenotypes after 7 days in fast relaxing 

conditions, despite spending up to 3 days in slow relaxing conditions before the 
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transition. Transition to fast relaxing conditions also enhanced cell proliferation as 

reported by others. Thiol-norbornene photoaddition is also well suited to 

photopatterning, and photopatterned fluorescent PEGs were used to produce striped 

patterns into the volume of the gel with fidelity of the same order of magnitude as 

the cells contained in the gel. MSCs in a photopatterned gel again exhibited 

morphologies consistent with being placed in fast or slow relaxing conditions. 

3.2 Future Work 

The work presented in this thesis introduces a new method to tune the stress 

relaxation of alginate hydrogels, allowing gels to transition from fast relaxing to slow 

relaxing with both temporal and spatial control. While these are useful conditions, 

the ability to transition from slow to fast relaxing is more physiologically relevant to 

other disease states, such as cancer, wound repair, and fibrosis25 than a transition 

from slow to fast relaxing conditions. Photocleavable hydrogels are the subject of 

considerable research, and removal of PEG via photocleavage or exchange would 

likely be another way to facilitate transitions of stress relaxation in both directions. 

Another possible approach would be at facilitate the addition of bifunctional PEGs 

with an end group with tunable properties allowing for hydrophobicity or adhesion 

to be turned off or on, which might interfere with PEG’s inherent effects on alginate 

viscoelasticity. 
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Another direction of interest would be using the photoaddition capabilities of 

this system to work with addition of new peptide or protein ligands or adhesion 

molecules, potentially allowing simultaneous exploration of the effects of ligand type 

and mechanical conditions withing the same gel, and area of considerable research 

interest 
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Appendix A 

M ethods  

 

A.1 Alginate preparation 

Alginate (280 kDa molecular weight, LF20/40) from FMC biopolymer was dissolved 

at 1% in deionized water and dialyzed with 10 kDa MWCO membranes against 

deionized water for 3 days. Following dialysis, alginate was purified with activated 

charcoal, sterile filtered, frozen, and lyophilized. 
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A.2 Functionalization of alginate with RGD 

RGD peptides were coupled to alginate using carbodiimide chemistry. Alginate was 

dissolved in MES buffer, with pH adjusted to 6.5. Then, appropriate amounts of 

sulfo-NHS (N-hydroxysulphosuccinimide, TCI Chemicals), N-(3-

dimethylaminopropyl)-N′-ethyl carbodiimide hydrochloride (EDC, Sigma-Aldrich), 

and GGGGRGDSP (Peptide 2.0) and the reaction was left to stir for 20 h at room 

temperature. The product was then transferred to 10 kDa MWCO dialysis tubing 

and dialyzed against decreasing concentration NaCl solutions starting from 120 mM 

to 0 mM over 2 days followed by 1 day of dialysis against deionized water. Water 

was then removed via lyophilization to yield functionalized alginate (Alg-RGD) 

 

A.3 Functionalization of Alginate with Norbornene  

Alginate functionalized with RGD was additionally functionalized with norbornene 

using a similar procedure to the above. Alginate-RGD was dissolved in MES buffer 

and functionalized with sulfo-NHS, EDC, and norbornene (5-norbornene-2-

methylamine, TCI Chemicals). After allowing sulfo-NHS, EDC and alginate-RGD to 

dissolve, the pH of the MES was raised to 8, and norbornene was added. Following 

the reaction, the alginate was dialyzed and lyophilized as described above. 

Lyophilized alginate was dissolved in phenol red-free DMEM at 3% M/V. Free 
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norbornenes were quantified by reacting with 2kDa mPEG-thiols (Laysan Bio) and 

Ellman’s reagent ((5,5-dithio-bis-(2-nitrobenzoic acid), Sigma) Remaining thiols were 

quantified with Ellman’s reagent to determine norbornene substitution of alginate. 

 

A.4 Hydrogel formation and tuning of mechanical properties  

To tune the viscoelasticity of alginate after gelation, mPEG-SH chains were reacted 

with norbornene groups on alginate. Alginate gels were formed, as described 

previously66. Briefly, a syringe containing alginate was coupled to a second syringe 

containing calcium sulfate in DMEM and the contents of both syringes were rapidly 

mixed.  Hydrogels were cast directly into 8-well chambered cover glasses or cast 

between two silanized glass plates spaced 2mm apart and punched into 8mm 

discs.  After gelation for 40 minutes at 37 C, gels were equilibrated in DMEM. To 

photocouple PEG, PEG-thiol and LAP (Lithium phenyl-2,4,6-

trimethylbenzoylphosphinate, Sigma-) in phenol red-free DMEM were added to the 

well either after immediately post-gelation, or after 24 or 72 hours. PEG was allowed 

to swell in for 4 hours, then gels were exposed to 60 seconds of 405 nm light, and the 

media was changed to remove any unreacted PEG. 
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A.5 M echanical Characterization 

Hydrogel mechanical properties were characterized on a TA Instruments ARES G2 

strain-controlled rheometer with 8 mm parallel plates. Alginate hydrogels with and 

without PEG were formed as described above. All hydrogel samples were measured 

24 hours after photoaddition of PEG, if applicable. The top plate was brought down 

until it registered a non-negative axial force, and the gap between plates was filled 

with DMEM. Shear modulus was measured using a frequency sweep from 0.1 to 10 

Hz at a strain of 0.01. Elastic modulus was calculated from measured shear and loss 

moduli, assuming a Poisson’s ratio of 0.5 and E = 2G*(1+v), where G* is the 

complex modulus, calculated as G* = sqrt(G'^2 + G"^2). E is the elastic modulus, 

G’ is the storage modulus, G’’ is the complex modulus, and ν is Poisson’s ratio. For 

stress-relaxation tests, a strain of 15% was applied, and stress was recorded over 

time. Relaxation time was defined as the time taken for the stress to relax to half of 

its initial value. For creep tests, a constant 100 Pa stress was applied to each 

alginate gel for 3600s and the gel was allowed to recover at 0 Pa applied stress for 

7200s. Control values for each creep-recovery test were derived via a frequency sweep 

performed directly before the test. 
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A.6 Cell Culture  

Mouse D1 MSCs (ATCC, CRL-12424) were cultured in Dulbecco’s Modified Eagles 

Medium (DMEM, Gibco) with 10% fetal bovine serum (Gibco) and 1% 

penicillin/streptomycin (Invitrogen). Mouse D1 cells were passaged at approximately 

50% confluency and the media was changed every 48 hours. MDA-MB-231 cells 

(ATCC, HTB-26) were expanded in DMEM containing 10% fetal bovine serum and 

1% penicillin/streptomycin (Gibco). The medium was changed every 48 hours and 

the cells were passaged at 70 % confluency.  

 

A.7 M orphological Staining 

For cell morphology staining, cells were grown in hydrogels cast into a chambered 

cover glass (Nunc Lab-Tek II, Fisher). After the last day of the culture period, cells 

were fixed using 4% paraformaldehyde in serum-free DMEM at 37C for 1 hour. Gels 

were then washed 3 times in PBS containing calcium and 0.1% Triton X-100 for 30 

minutes each. Alexa Fluor 555 phalloidin and DAPI were added for 90 minutes at 

room temperature, and the sample was again washed 3 times with calcium PBS at 
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30-minute intervals. Samples were imaged immediately using a Leica SP8 with a 25x 

water immersion objective. 

 

A.8 Proliferation Assay 

To quantify proliferation, cells were encapsulated in hydrogels as described above 

and media containing 10 μM EdU (5-Ethynyl-2'-deoxyuridine, Click Chemistry 

Tools) was added 24 hours before fixation. After fixation, gels were fixed in 4% 

paraformaldehyde for 45 minutes, washed 3 times with PBS containing calcium 

(Gibco), and incubated with 30% sucrose (Fisher) in calcium-containing PBS 

overnight. Gels were then placed in a mixture of 50% sucrose and 50% OCT (Tissue-

Tek) on a shaker for 8 hours before being frozen on oct and sectioned. Sectioned gels 

were stained for EdU using a 647 fluorescent EdU kit (Click-&-Go EdU 647, Click 

Chemistry tools) per the manufacturer’s directions. After functionalizing EdU with 

Fluorophore, sections were incubated in 1:1000 DAPI for 30 minutes and washed 3x 

with PBS. 

 

A.9 Photopatterning of Alginate 

Patterned photomasks were produced using a laser printer to transfer toner to an 

8x10 Shrinky-Dink sheet. Sheets were then cut and placed in an oven at 160 oC for 
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two minutes, similarly, to previously described methods67. A glass slide was placed 

on the Shrinky-dink as it shrunk to ensure the pattern stayed flat during shrinking. 

Patterns were formed in samples in a chambered-bottom coverglass using a 

collimated 405 nm laser (NDV4512, Laserlands) and by placing the pattern against 

the glass surface of the sample and illuminating through it for 30 seconds. 

A.10 Image Analysis 

All images were collected using a Leica SP8 confocal microscope using a 0.95 NA 25x 

water immersion objective. Metrics describing cell morphology in three dimensions 

such as sphericity and volume were quantified using Bitplane Imaris 9.5 software. In 

Imaris, sphericity is defined as the ratio of the surface area of a sphere with the same 

volume as the cell to the surface area of the cell itself. Solidity of a maximum 

projection of a 3D stack was quantified using ImageJ, where solidity represented the 

difference between the convex hull area and the area of the cell itself.  All 2D images 

of cell proliferation staining were analyzed and quantified by counting the number of 

co-stained DAPI and EdU cells and taking that as a fraction out of each separate 

field of view.  Morphology experiments were analyzed using images patterned gels 

were performed from a single stitched stack from 3 technical replicates, each 50 μm 

deep and 3 square mm area.  

A.11 Statistical Analysis 
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Statistical comparisons were performed using GraphPad Prism 9.5. One-way analysis 

of variance was used to compare more than two groups. For measurements like cell 

volume, sphericity, and solidity the D'Agostino-Pearson normality test was first 

performed to test if the data could be treated normally. For cell morphology 

experiments approximately 25 cells were collected per trial and data from 3 separate 

trials was pooled for analysis. A total of 18 fields of view were analyzed from 2 separate 

trials in each condition. Morphology experiments were analyzed. Image analysis of 

patterned gels was performed from a single stitched stack from 3 technical replicates. 

Cells from photopatterned gels were analyzed using 2D metrics because the vertical 

sampling rate was insufficient for 3D analysis, and values for circularity, roundness, 

and solidity were reported.  
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Appendix B 

Supplementary Figures  
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Figure 10 - Strain sweep of PEG modified and unmodified hydrogels. PEG 

modified hydrogels were tested in shear at strains from 0.1% to 100%. 
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Figure 11 - Frequency sweep of PEG modified and unmodified hydrogels. Gels 

were tested from 10 Hz to 0.0075 Hz. 

B.3 

 

Figure 12 - Quantification of Norbornene Substitution using Ellman's Reagent 

(DNTB). Ellman’s reagent was used to detect unreacted PEG thiols against a standard 

curve of soluble norbornene. 

B.5 
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Figure 13 - Elastic modulus of 2% norbornene -alginate with added PEG. N=4 

for each group, compared using the Kruskal–Wallis test. 

B.6 

0.1 1 10 100 1000

0.0

0.5

1.0

Stress Relaxation

Time (s)

R
e
la

x
a
ti

o
n

  
M

o
d

u
lu

s

(N
o

rm
a
li
z
e
d

)

3% PEG

2% PEG

1.5% PEG

1% PEG

0.5% PEG

0% PEG

 

Figure 14 - Stress relaxation plots for 2% norbornene alginate with added PEG. 

Each group represents an average of N=4. 
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Figure 15  - Relaxation Time (τ 1/2) for 2% PEG alginates. Relaxation times were 

compared using the Kruskal–Wallis analysis of variance, with ** indicating p<0.01. 
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