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Abstract  

Understanding the complex behaviour of cells in 3D culture environments requires control and 

knowledge of the mechanical and chemical signals they are receiving. While naturally derived 

hydrogels are widely used in 3D culture studies, it can be difficult to decouple the various cell to 

extracellular matrix (ECM) signals for understanding their individual roles. Synthetic hydrogels 

have been designed to study individual elastic or viscoelastic properties, but they typically do not 

provide plastic ECM restructuring that can be seen in their naturally derived counterparts. As 

such, it is not well known how plastic deformation behaviour of the ECM plays a role in 3D cell 

cultures as there has yet to be a platform engineered specifically for exploring this mechanical 

property. Packed granular hydrogels have recently become of interest for their unique 

characteristics, such as their self-healing and shear-thinning behaviour, providing the basis for 

development of new 3D culture platforms. This work presents a packed granular polyacrylamide 

hydrogel functionalized with guest-host chemistry, providing reversible interlinking between 

individual granules, allowing for a plastically deformable gel. This thesis shows that tuning of the 

packed gels’ mechanical properties is possible via control of the individual granule characteristics. 

Granule size, stiffness, and levels of guest and host functionalization were varied, and rheological 

characterization of the gels was completed for their shear elastic moduli, measured from 70 to 

960 Pa, and yield stress, spanning between 40 to 370 Pa. When applied to breast cancer 

aggregates, growth was observed in all conditions, with higher overall growth in gels with lower 

stiffness and yield stress. Cell invasion was observed for gels with lower yield stresses of 40 and 

70 Pa, with lower yield leading to earlier invasion, between days 2 and 3 compared to days 3 and 

4, respectively. These results indicate the potential of this platform to study the role of ECM 

plasticity. The proposed packed granular hydrogel begins to address the need for control over 

mechanical plasticity, allowing for better understanding of this property in tissue fate and 

function. 
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Résumé 

Pour comprendre le comportement complexe des cellules dans les environnements de culture 

cellulaire en 3D, il faut contrôler et connaître les signaux mécaniques et chimiques qu'elles 

reçoivent. Les hydrogels d'origine naturelle sont largement utilisés dans les études de culture en 

3D, par contre il peut être difficile de découpler les différents signaux entre les cellules et leur 

matrice extracellulaire (MEC) pour comprendre leurs rôles individuels. Les hydrogels 

synthétiques ont été conçus pour étudier soit les propriétés élastiques ou viscoélastiques, mais 

ils n'offrent généralement pas la restructuration plastique de la MEC que l'on peut observer dans 

leurs homologues naturels. En tant que tel, le role du comportement de déformation plastique 

de la MEC dans les cultures cellulaires en 3D demeure largement inconnu, car il n'existe pas 

encore de plateforme conçue spécifiquement pour explorer cette propriété mécanique. Les 

hydrogels granulaires ont récemment suscité l'intérêt pour leurs caractéristiques uniques, telles 

que leur comportement d'auto-quérison et rhéofluidifiant, fournissant une base pour le 

développement de nouvelles plateformes de culture 3D. Ici, ce travail présente un hydrogel de 

polyacrylamide à granules fonctionnalisés par une chimie hôte-invité, fournissant une liaison 

réversible entre les granules individuels, ce qui permet de former un gel plastiquement 

déformable. Cette thèse montre que le réglage des propriétés mécaniques des gels granulaires 

est possible via le contrôle des caractéristiques des granules individuels. Leur taille, leur rigidité 

et les niveaux de fonctionnalisation relatives de l'hôte et de l'invité ont été variés, et la 

caractérisation rhéologique des gels a été complétée pour leurs modules élastiques de 

cisaillement, mesurés de 70 à 960 Pa, et leur limite d'élasticité, comprise entre 40 et 370 Pa. 

Lorsqu'ils ont été appliqués à des agrégats de cancer du sein, une croissance a été observée sous 

toutes conditions, avec une croissance globale plus élevée dans les gels ayant une rigidité et une 

limite d’élasticité plus faibles. L’invasion cellulaire a été observée dans les gels présentant des 

limites d’élasticité plus faibles, de 40 à 70 Pa, dont les contraintes plus faibles entraînent une 

invasion plus précoce, observée aux jours 2 et 3 au lieu des jours 3 et 4 respectivement. Ces 

résultats indiquent le potentiel de cette plateforme pour étudier le rôle de la plasticité de la MEC. 

Donc, l'hydrogel granulaire proposé donne place au développement de plateforme de culture 
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cellulaire avec contrôle de plasticité mécanique, permettant une meilleure compréhension de 

cette propriété dans le sort et la fonction des tissus biologiques.  
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1 Introduction 

1.1 Motivation 

Cell and tissue models have traditionally been studied using two-dimensional (2D) culture models 

or within more complex animal models. These models have been crucial to biomedical 

advancements since their implementation, providing breakthroughs in cell signaling, behaviour, 

and differentiation, screening of drugs and therapeutics, or providing insight into disease 

progression. However, 2D and animal models have their limitations. 2D culture models lack the 

complex three-dimensional (3D) extracellular matrix (ECM) interactions and cell to cell 

interactions that can provide essential biomechanical signals, and the clinical translation of 

animal models to humans is often difficult due to significant differences in their anatomy and 

physiology 1–3. This has led researchers in recent years to develop more complex 3D tissue models 

to address these shortcomings. 

A commonly used 3D culture platform is Matrigel, a naturally derived hydrogel from mouse cells, 

providing both mechanical and chemical signals to promote tissue growth and differentiation. 

While Matrigel is commonly used in stem cell and cancer studies, its batch to batch protein 

composition can vary up to 53% and its mechanical modulus ranges from 120 to 450 Pa leading 

to issues with variability and reproducibility of results in cultures 4,5. Additionally, it is more 

recently believed that plastic deformation of the ECM plays a key role in tissue function and 

deformation 6,7. While synthetic 3D culture platforms have targeted elastic and viscoelastic 

properties as drivers of cell behaviour, the plastic properties, and the transition from elastic to 

plastic deformation of the ECM is not well understood or controlled for, in the study of cell fate 

and function.  

Therefore, the motivation behind this project was to develop and characterize a 3D cell and tissue 

culture platform that allows for the tuning of both its elastic storage modulus and yield point into 

the plastic deformation region. This system may support a transition to more mechanically and 

chemically stable hydrogel from the commonly used Matrigel, allowing for increased 

reproducibility in aggregate cultures. Additionally, a plastically tunable hydrogel would allow for 
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a deeper understanding of plasticity’s mechanobiological role in cell behaviour, aggregate 

growth, organoid differentiation, and ECM-to-cell signaling.  

1.2 Aims  

The aim of this work was to develop an elastic and plastically tunable hydrogel system and apply 

it as an extracellular matrix in tissue cultures. The ability to tune the elastic to plastic deformation 

yield point in addition to the elastic properties of synthetic hydrogels would address problems 

with variability in commonly used natural systems like Matrigel, provide more homogeneous 3D 

culture models, and allow for a deeper understanding of how varying plasticity plays a role in 

tissue behaviour. This project works toward this through three specific aims as follows:  

1. Develop a method to fabricate sets of microgels with either adamantane or beta-

cyclodextrin moieties such that when combined, the individual microgels interlink with 

each other via guest-host inclusion complexes and form a packed granular hydrogel. 

2. Tune and characterize the elastic and plastic properties of the packed gels through 

manipulation of the microgels size, stiffness, and the concentration of guest or host 

molecules in the pre-gel setup. 

3. Characterize growth and invasion of aggregates in the packed granular gel for different 

elastic and plastic properties in comparison to a purely elastic platforms.  
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2 Background and Literature Review  

2.1 Extracellular Matrix Elasticity and Plasticity  

Directing cell fate and function has long been one of the goals of cell and tissue studies. This has 

traditionally been controlled through various soluble signals, such as growth factors, included in 

the media of  a 2D culture. However, there has more recently been a shift to exploring the 

mechanisms of mechanical signals on cell behaviour, partly spurred on by the advent of 3D cell 

culture platforms which allows for interaction with a more complex extracellular environment. 

The characteristics of the 3D environment can be engineered for fine control over the signals it 

provides for tissue and cell behaviour 8. It has been shown that transitioning from a 2D to a 3D 

culture alone can promote increased gene expression as a marker of neural differentiation 9, or 

that cardiomyocyte differentiation could occur in a 3D self-assembling peptide hydrogel without 

the addition of ascorbic acid that is required in its 2D counterpart 10. We also see that movement 

of cells through an ECM is influenced by its properties, such as stiffness gradients 11, the size of 

pores through the matrix 12, and even the composition, crosslinking, alignment and distribution 

of components in the ECM itself 13,14. These studies show the importance of selecting an 

appropriate ECM platform as it can influence cell behaviour in a variety of ways.  

One of the properties of the ECM that has been shown to influence cell function, and more 

specifically stem cell fate decisions, is the stiffness or elastic modulus of the material chosen 15. 

We see within the body a range of stiffness, from soft brain tissue to very stiff bone tissue, and 

choosing the proper 3D culture platform will influence how well we are able to study these types 

of tissue and provide a more accurate model as to what is seen in vivo (Figure 1) 16. For example, 

Zoldan et al. showed that the differentiation lineage of human embryonic stem cells into 

ectoderm, endoderm, or mesoderm cells can be decided by the elastic modulus of the culture 

substrate, less then 0.1 MPa, 0.1 to 1 MPa, and 1.5 to 6 MPa respectively 17. Their work also 

showed how too stiff of a substrate, greater then 6 MPa, led to low gene expression and kept the 

cells in an undifferentiated state 17. Conventional 2D cell culture plastic dishes and flasks are 10 

MPa, if were used instead would be well above the 6 MPa threshold for low stem cell activity. 

This work, among others, shows how mechanical stiffness can be a key regulator in cell function 



14 
 

as well as the importance of selecting a platform with appropriate mechanical properties. This 

type of mechanical mechanism for directing cell fate plays a role in different stem cell types and 

linages, such as oligodendrocyte or neuronal differentiation for stiffer and softer ECM 18,19, or 

myogenic and osteogenic differentiation for substrate stiffness in conjunction with specific 

surface ECM proteins 20,21. It has also been shown that stiffness can be used to aid in 

reprogramming of cells into induced pluripotent stem cells 22,23 and maintaining of their 

pluripotency state 24,25. This highlights the importance that ECM mechanical properties have in 

cell development and as a crucial tool in engineering tissues.  

 

Figure 1: Stiffnesses of in vivo tissues and corresponding hydrogels. Range of stiffnesses for healthy, in 
vivo, tissues and the range of synthetic (blue) and naturally (green) derived hydrogel stiffnesses capable 
of replicating the in vivo condition. Image copyright © 2018 Taylor B. Bertucci and Guohao Dai  CC BY 
4.0 16.  

While stiffening of tissues was traditionally thought of as a consequence of disease, stiffness of 

the ECM has also been seen to play a role in disease and cancer progression 26. Migration of 

cancer cells has been shown to be influenced by the ECM stiffness 27 in addition to the ECM 

structure and dimensionality 28,29. For brain tumors, such as the development of glioblastoma in 

a usually soft brain tissue environment, increased stiffness has been observed to influence tumor 

invasion, drug resistance, and disease recurrence 30. Stiffer tissue is also seen in breast tumor 
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environments, where elastic modulus can increase 10 fold, progressing the cancer through 

stiffness mediated signaling 31. These changes in breast tissue ECM elasticity can lead to poorer 

treatment outcomes, increased cell migration, and proliferation 32–34. These changes in cancer 

ECM stiffness are so common that monitoring for them, though palpation, for example,  is one 

of the more used and easier ways to diagnose 26. Therefore, the development of 3D culture 

models that accurately replicate this ECM stiffening behaviour is essential to our understanding 

of disease progression and development of treatment.  

This understanding of how a material's elastic properties influence cell and tissue behaviour has  

increasingly improved over the past two decades. However, more recently it is believed that not 

only the elasticity of the ECM is important but its plasticity 7, that is the ability for the material to 

non-reversable deform under a sufficiently intense applied force 35. Inclusion and control of 

plasticity along with elasticity would allow for a more complete biomechanical picture when 

engineering 3D culture models. Plastic deformation of the cellular environment shows up in many 

aspects of cell and tissue behaviour. Buchmann et al. showed that branching of human mammary 

organoids caused plastic reorganization of the collagen hydrogel they were embedded in, leading 

to further branch outgrowth and more plastic deformation 36. This remodelling has been 

observed in a range of cell types, such as fibroblasts 37,38, breast tumors 39,40, artery smooth 

muscle 41, and human umbilical vein endothelial cells 40, underlying the importance of considering 

the ECM reorganization ability in creating 3D models.  Plastic remodeling, in conjunction with 

ECM porosity and degradability, mediates confinement of tissues in a matrix governing key cell 

functions such as cell growth, spreading, and migration, as well as proliferation, organoid 

formation, and matrix deposition (Figure 2) 6,7,12,42–45.   



16 
 

 

Figure 2: Cell functions dependent on hydrogel pores, degradability, and plasticity. a) Cell functions 
that are limited due to tissue culture materials lack of plastic or viscoplastic behaviour. b) Intersection of 
ECM degradability, pore size, and plasticity as factors for tissue confinement. Reprinted by permission 
from Springer Nature Customer Service Centre GmbH: Nature, Effects of extracellular matrix 
viscoelasticity on cellular behaviour. Chaudhuri et al., copyright 2020 7.  

Like ECM elasticity, it is also believed that ECM plasticity can play a role in disease progression 

and stem cell differentiation, but it is not as well studied and characterized. For example, we are 

beginning to understand how plastic remodeling of ECM is linked to invasiveness of breast cancer 

46, or how changes in lung ECM plasticity fits into the progression of fibrosis 47. A recent study has 

looked to lay the groundwork for exploring the plasticity of Matrigel and collagen in regards to 

organogenesis 48, however this is just the tip of the iceberg as more work needs to be completed 

to understand this complex mechanical property and its role in tissue fate and function. One of 

the largest barriers to understanding plasticity is the lack of suitable platforms allowing control 

over this property. While natural hydrogels like Matrigel exhibit these behaviours, they lack the 

tunability that would come with a synthetic hydrogel. As it stands, there is currently no synthetic 

hydrogel platform designed specifically for the study of ECM plasticity. This defines the need for 

a 3D culture platform that allows for the tuning of plasticity independently of its other material 

properties.  

2.2 Defining and Classifying Hydrogels 

Hydrogels are one of the most common biomaterials used in 3D tissue cultures, but selection of 

the proper gel requires knowledge of the ECM conditions being replicated and which hydrogel is 

able to accurately reproduce it. Gels can be categorized in a variety of ways, with the simplest 
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and most common being the source of the gel, either natural or synthetic 49, or in some cases a 

composite hybrid of both. Naturally derived gels would include the likes of alginate, chitosan, and 

collagen-based hydrogels and even the mouse derived Matrigel 5,50–54. Typically, a natural 

hydrogel is easy to source, relatively inexpensive, inherently biocompatible, and can have other 

attractive features such as innate biodegradability 55. For instance, alginate is derived from brown 

algae, it is biocompatible and from a renewable source, allows for encapsulation of tissue during 

gelation,  and can be selectively biodegraded 56,57. However, natural hydrogels are not without 

their disadvantage. They are often mechanically weaker than their synthetic counterparts, can 

be poorly defined, and have a higher batch to batch variation in their chemical composition and 

physical properties, leading to poor reproducibility, which is often a problem when handling 

natural hydrogels such as Matrigel  58–60.  

Synthetic hydrogels look to address some of the shortcomings seen with natural gels. This 

includes less variability in composition and material properties as well as higher mechanical 

strength 61,62. Creation of a synthetic gel also allows for the selection of multiple different 

monomers to form copolymer gels with unique properties 63. Poly(vinyl) alcohol, for example, 

can be used to form a gel suitable to study stiffer tissues such as cardiac muscle or bone tissue 

64,65. The much more complex poly(butyl methacrylate)-b-poly(methacrylic acid)-b-poly(butyl 

methacrylate) copolymer hydrogel allows for unique geometries and a controlled rate of drying 

and swelling 66. One of the most commonly used synthetic gels in studying biomechanics is 

polyacrylamide (PAAm) due to its well characterized properties and established protocols 67–69, 

and while normally non-adhesive, it can be coated with collagen for cell culture 70. The purely 

elastic PAAm hydrogel properties are reproducible, allow for a range of mechanical stiffnesses, 

are  relatively low cost, and can be combined with other components or modified into 

copolymers for unique properties such as a PAAm-polyacrylic acid gels with silver nanoparticles 

for antimicrobial properties 63,71,72. The disadvantages to synthetic hydrogels include their lack of 

bioactive properties, difficulty in cell recovery, and potential for harmful pre-gelation 

components or by-products that can be left in the hydrogel after gelation  73,74.  

Hybrid hydrogels aim to combine the advantageous properties of different natural and synthetic 

polymers into one gel, and can even allow for novel characteristics or unique structural 
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organization 75,76. When engineering a hybrid hydrogel, synthetic components can allow for finer 

control of its material properties or allow for higher mechanical strength; natural components 

such as peptides and proteins can provide unique properties such as phase transitions or 

degradation 75. An early example is the work completed by Wang et al. where the combination 

of a well-defined water-soluble synthetic polymer with a temperature responsive coiling protein 

allowed for the formation of a thermoresponsive volume changing hydrogel 77. Other examples 

of hybrid gels include a collagen-poly(ethylene glycol) gel where the collagen can be selectively 

degraded, while the synthetic portion increases mechanical strength and stability 78, gelatin 

methacryloyl-ferritin hydrogels where the ferritin protein allowed for better tunning of 

mechanical properties and controlled release of small chemical compounds 79, or a hyaluronic 

acid gel reinforced with polycaprolactone that provided spatial cues for vasculogenisis 80. The 

creation of different hybrid gels is potentially endless because of the various combinations of 

natural and synthetic gels, allowing for precise tailoring of hydrogels to specific biomedical 

applications 81,82.  

Classification of hydrogels is not just limited to their sources, but through a wide array of their 

properties, fabrication methods, responsiveness, or behaviour (Figure 3) 62,83. Gels can be 

categorized by composition; homopolymer for gels of a single monomer type such as a PAAm gel 

69, copolymer or multipolymer for two or more types of monomers in a chain like a PAAm-

polyacrylic acid gel 71, or the distinct interpenetrating networks where one polymer type is 

diffused into another as seen with the complex ‘triple network’ alginate-PAAm gel that is 

reinforced with dispersed graphene oxide sheets 84. Another way to categorize hydrogels is their 

responsiveness to external stimuli. Either a conventional gel with no responsive behaviour or a 

smart hydrogel that could respond to various cues, which can be further sub classified into 

chemical, biochemical, or physical responsiveness. A poly(N-isopropylacrylamide) based 

hydrogels for example would respond to an increase in temperature by shrinking due to a change 

in polymer chain hydrophobicity and expulsion of water from its network 85,86. Other examples 

include physical stimuli of pressure, light, or electromagnetic fields, chemical stimuli of pH 

changes or specific molecules such as sugars, and biological stimuli of antigens and enzymes 87–

94. Additional classification categories of hydrogels include the type of crosslinking, be it physical 
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or chemical or if the links are cationic, anionic, or non-ionic; the gels degradability; or its physical 

characteristics like pore size, crystallinity, and physical shape and size 59,62,83. These classifications 

of hydrogels allow for an easy understanding of their properties and can be used for selection of 

the proper gel for the desired application.  

 

Figure 3: Hydrogel categorization. Categories of hydrogels based on their various chemical and physical 
properties, responsiveness, behaviour, sources, and crosslinking types. Reprinted from Materials Science 
and Engineering: C, 57, Ullah et al., Classification, processing and application of hydrogels: A review, 
414-433, Copyright 2015, with permission from Elsevier 83.  

2.3 Granular Hydrogels 

A recently emerging subtype of hydrogel is the packed granular hydrogel, sometimes referred to 

as a packed microgels, microbead, or microparticle hydrogel. Here, hydrogels are created at the 

micron scale allowing for unique properties when packed together or incorporated into 

traditional bulk gels. Fabrication of these microgels can be done in a variety of ways, each with 

their own strength and drawbacks (Figure 4). Emulsion techniques require the use of an 

immiscible pre-gel in a secondary solution, such as formation of PAAm granules in a kerosene 
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bath undergoing vortexing 95. This vortex emulsion method is straight forward and allows for 

large production of gels, requiring at minimum a vortex and an adequately sized vessel (Figure 

4a) 96. Recent work has even shown this method used to encapsulation of cells 97. One of the 

largest drawbacks of this method is the high distribution of bead sizes, making it unsuitable for 

applications that require tight control over individual bead diameter 98. A method that can be 

used if a narrow size distribution is required is the use of a two-phase microfluidic device (Figure 

4b) 99. Here, the oil phase is fed into the main microfluidic channel and the gel phase is added at 

a slower rate, allowing for individual granules to gel as it flows through the channel, with bead 

size being controlled through the microfluidic channel geometry and fluid flow rates 100. Various 

geometries for this include a multi junction flow where the gel phase flows through a central 

channel and the oil phase is added through two side channels, a T-junction device where the oil 

runs along a main channel and the gel phase is added through one side channel, or coaxial 

channels where a smaller gel phase channel runs inside the oil phase channel before combining 

for droplet formation 101. Advantages of this technique could be the encapsulation of single cells 

within gels allowing for the study of individual cell behaviour, encapsulation of a specific molecule 

such as for analysis of a protein or DNA, or the creation of non-spherical particles such as a spiky 

hydrogel for drug delivery  102–105. The major drawback for microfluidic methods come in their 

slower production of microgels compared to that of other techniques, but can be improved 

through multiplexing of channels and advancement of device design 106,107. Another drawback 

for both the two-phase vortex batch and microfluidic emulsion techniques is the required post-

gelation separation and washing steps required to remove any harmful oils from the reaction 96.  



21 
 

 

Figure 4: Granular hydrogel fabrication techniques. a) Batch emulsion of an immiscible gel solution in a 
second phase allowing for large batches of gels. b) Microfluidic multichannel devices for two phase 
fabrication for higher control of bead sizes. c) Lithography techniques for gelation of individual small 
particles through use of a template. d) Electro spraying of beads where an electric field is used to form 
beads. e) Mechanical fragmentation when a larger traditional bulk gel is broken into smaller micron 
sized particles. Reprinted by permission from Springer Nature Customer Service Centre GmbH: Nature, 
Nature Reviews Materials, Hydrogel microparticles for biomedical applications, Daly et al., copyright 
2019 96.  

Lithography has also been employed to fabricate microgels (Figure 4c). The use of a mask and 

different lithography techniques allows for unique and complex geometries and production of 

highly uniform microgel sizes, but at the expense of a much slower rate of production and 

limitation on size due to mask resolution 108–110. A less commonly used technique is 

electrohydrodynamic spraying (Figure 4d), where a voltage is applied to the gel ejection needle 

to form the microgel sphere which is then crosslinked in a collection bath, with size of the beads 

being dependent on ejection parameters such as voltage, needle gauge, and flow rate 111,112. This 

method allows for fabrication of large bead batches as well as the possibility of making non-

spherical shapes 113. However, electrohydrodynamic spraying requires a more complicated set 

up, while also having a higher size distribution, making it less favourable to other approaches 114. 
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Finally, perhaps the simplest method of microgel fabrication would be mechanical fragmentation 

(Figure 4e). The use of microscale pore meshes, blending, or needle extrusion of a bulk gel is 

completed to physically break a conventional bulk gel into the microgels 115–117. While this 

methods is simple and allows for fast production of granules, it produces them with little to no 

control over shape or size 96,117.  

Packed granular hydrogels have unique properties that can be utilized that are not seen in bulk 

hydrogels. Due to their granular nature, these types of gels can be shear thinning and self-healing 

118. These behaviours allow for application as injectable scaffolds and in 3D printing, such as the 

work completed by Feig et al. on the injection of neural  progenitor cells into rat brain tissue via 

conductive granular gels 119, the hyaluronic acid based granular gel developed by Muir et al. with 

improved mechanical and structural properties for 3D printing 120, or the method of printing 3D 

alginate structures using a Carbopol microgel bath for a ‘printing-then-gelation’ approach 

developed by Jin et al. 121. Further, it's believed that injectable microgels will be a valuable tool 

in directing tissue repair and drug delivery 122,123.  

The inherent porosity between the packed granules is another appealing property (Figure 5). 

Pore size throughout the gel can dictate the transport of nutrients to encapsulated cells or 

aggregates, and even play a role in cell morphology, proliferation, spreading, and migration 124–

126. Granular gels can be interlinked, commonly seen in 3D printing techniques, to provide 

structure and stability after gelation (Figure 5), such as covalent 127 or photoinitiated crosslinking 

between beads 128. Microgels also allow for mixing of different gel types with unique 

functionalities to create heterogeneous packed gels, through either a uniform distribution of 

granules or a careful spatial arrangement such as layering of different gel types via 3D printing 

technologies 129,130.   
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Figure 5: Inherently unique properties of granular hydrogels. left) Microporosity due to voids between 
beads providing space for cell migration and nutrient transport. mid) Methods of interlinking beads, 
providing structure and support to the bulk packed gel. right) Heterogeneous packed gels of different 
bead types providing unique functions or properties to the overall gel. Reprinted from Current Opinion 
in Biotechnology, 60, Riley et al., Granular hydrogels: emergent properties of jammed hydrogel 
microparticles and their applications in tissue repair and regeneration, 1-8, Copyright 2019, with 
permission from Elsevier 129.  

Understanding and characterizing packed granular gels is usually completed by measurement of 

their rheological properties and physical characteristics, as well as observation of cell response 

118. For rheological properties, this includes mechanical moduli such as storage and loss modulus, 

yield point, shear thinning and self healing behaviours, which are dependent partly on the 

interlinking, or lack thereof,  for the individual beads 118,131,132. Packed gels can also be 

characterized by their bead size and overall size distribution, the porosity of the packed gel, the 

packing structure, and in some cases, the microscale roughness of the beads 133–135. Perhaps the 

most important characterization of packed gels, in regard to tissue engineering, is cell and tissue 

response. This could include the behaviours of cell migration, proliferation, and spreading, stem 

cell differentiation, and organoid growth and invasion 136–141.  

2.4 Guest-Host Complexes 

In recent years, supramolecular guest-host chemistry has been of increasing interest for their 

distinctive non-covalent interactions 142. Here, a host molecule such as cyclodextrin, urea, or 

cyclo-triphosphazines, partially or fully uptake a guest molecule, such as adamantane, 

phenylalanine, or aromatic amino acids, to form an inclusion complex with good stability (Figure 

6) 143,144. Because of this unique interaction, guest-host complexes have been increasingly studied 

for applications such as antimicrobial biomaterials, drug delivery systems, or even in sensors 145–

147. These dynamic bonds also allow for tuning of their interaction via external stimuli. For 

example, a pH responsive guest-host complex for drug delivery to lung metastasis 148, a unique 
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magnesium based thermoresponsive host that captures and releases cyclodextrin as the guest 

149, or a guest-host material with switchable antibacterial to bioadhesive properties due to light 

exposure 150. Guest-host interactions have also been developed that respond to enzymes, 

magnetic, and mechanical stimuli 151–154.  

 

Figure 6: Formation of guest-host PAAm crosslinking. Interaction of beta-cyclodextrin-acrylamide (βCD-
AAm) host molecule with adamantane-acrylamide (Ad-AAm) guest molecule for the crosslinking of 
polyacrylamide (PAAm) chains. 

Specifically, how guest-host interactions respond to external stimulus is of great interest to the 

development of smart hydrogel systems. Incorporation of these complexes have been shown to 

bolster hydrogels mechanical properties, such as the α-cyclodextrin host dodecanoic 

acid/cellulose guest complex improving a PAAm hydrogels mechanical strength 6 fold 155, or the 

addition of a β-cyclodextrin host adamantane guest crosslinker can create a highly elastic and 

reversible stretchable PAAm gel 156. They can also be used to provide self healing behaviour to 

hydrogels, where these guest host interactions can be split apart but then rebind when brought 

back together, like the work completed by Ren et al. for a chitosan-based hydrogel sensor that 

displays this ability 157, or the self-healing gelatin methacryloyl hydrogel developed by Wang et 

al. for use in 3D printing ECM scaffold 158.  

One specific property that these guest-host interactions are capable of is providing plastic 

deformation behaviour to an otherwise purely elastic material. As shown by Kakuta et al., the 

addition of β-cyclodextrin and adamantane as a crosslinker creates a highly elastic gel with 

reversible deformation (Figure 7a) 156. However, they showed that at high enough strains the 

PAAm based hydrogel entered into a plastic region with non-reversable deformation (Figure 7b), 
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and further to a breaking point of the gel (Figure 7c) 156. While this work begins to touch on plastic 

deformation in hydrogels, there is still a lack of research completed in exploring how this property 

plays a role in cell and tissue behaviour for both traditional bulk and granular packed hydrogels.  

 

Figure 7: Stress-strain curve for a PAAm hydrogel with βCD and Ad crosslinking. Proposed mechanism 
for the guest-host crosslinked hydrogel gels behaviour in the a) elastic recovery region, b) plastic non-
reversable deformation region, and c) after the breaking point. Reprinted with permission from Kakuta, 
T., Takashima, Y. & Harada, A. Highly Elastic Supramolecular Hydrogels Using Host–Guest Inclusion 
Complexes with Cyclodextrins. Macromolecules 46, 4575–4579 (2013). Copyright 2013 American 
Chemical Society 156. 
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3 Approach  

Currently, research into mechanical signaling of the ECM on cell and aggregate behaviour is 

largely focused on material elasticity. The plasticity of the ECM and its effects in 3D cultures is 

largely unknown. As it stands, there is no 3D culture platform specifically tailored to the study of 

plasticity, hindering our understanding of this mechanical property. This work set out to address 

this need by designing and tuning a plastically deformable hydrogel platform. PAAm was selected 

as the basis for its biocompatibility, well established formulations and protocols, and ability to 

alter the polymer chain through modification of the AAm monomer. β-cyclodextrin and 

adamantane were used as host and guest molecules to modify AAm monomers. Incorporation of 

these monomers into PAAm has been shown to provide plastic deformation behaviour. A 

granular hydrogel approach was selected as functionalization with the guest or host molecule 

would allow for interlinking between beads, such that bonds can break apart, beads can move 

past each other, and the interlinking reform. Utilizing the self-healing properties of the packed 

beads allows for a plastic deformation of the granular gel under mechanical force (Figure 8). 

Characterization of the granular packed gel was set about by rheological characterization of its 

shear elastic storage modulus and yield point into the plastic region. Finally, the platform was 

applied to an aggregate culture as a first proof of concept. Different levels of interlinking between 

beads as well as individual bead stiffness were explored for their influence on aggregate growth 

and invasion compared to a linearly elastic non-degradable hydrogel of varying stiffnesses.  

 

Figure 8: Granular packed hydrogel fabrication workflow. Simplified workflow of fabricating and 
applying the packed granular hydrogels. AAm monomers are functionalized with a guest or host 
molecule, microbeads are created and packed together to study their properties and the eventual 
application to cell and tissue cultures.   
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4 Materials and Methods  

4.1 Bulk hydrogel fabrication  

Bulk PAAm gels were created for use as described previously69, with formulations as listed in 

table 1.  

Table 1: PAAm gel formulations for 1000 μL of gel. From 69 

Formulation  

(AAm%/Bis% (w/v)) 

3/0.05 3/0.1 7.5/0.05 12/2.5 

40% Acrylamide (μL) 75 75 187.5 300 

2% Bisacrylamide (μL)  24.5 53.5 118.0 120.5 

PBS (μL)  799.0 770.0 684.0 478.0 

TEMED (μL) 1.5 1.5 1.5 1.5 

1% APS in PBS (μL) 100 100 100 100 

Total  1000 1000 1000 1000 

 

In brief, different weights per volume of acrylamide (AAm) (Bio-Rad) were combined with a bis-

acrylamide (Bis) (Bio-Rad) crosslinker in phosphate buffered saline (PBS) (Sigma), along with 

tetramethylethylenediamine (TEMED) (Sigma) as a catalyst. A separate solution of ammonium 

persulfate (APS) (Bio-Rad) in PBS was created and added to the AAm pre-gel solution to initiate 

the reaction. The mixture was vortexed briefly, pipetted onto an 18 mm cover slip (Fisher), 

covered with an additional coverslip, and allowed to gel at room temperature for 45 minutes 

before being transferred directly into a 6 well plate (Fisher), covered in PBS, and left on a shaker 

plate for 1 hour to aid in coverslip removal and as a first wash. Coverslips were removed, PBS was 

replaced, and left for another 30 minutes before repeating the PBS wash one more time. Once 

the washing steps were completed, samples were allowed to swell overnight in PBS at 4  ͦC and 

stored sealed with paraffin until use.  
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4.2 Preparation of β-cyclodextrin and adamantane acrylamides and dyes 

βCD-AAm was synthesized based on the protocol of Kakuta et al. 156. In an ice bath, 6-Amino-βCD 

was dissolved in 0.1 M solution of sodium bicarbonate (Sigma) and pH adjusted to 10 using a 

sodium hydroxide solution (Sigma). Acryloyl chloride (Sigma) was added dropwise and left to 

react for 8 hours. The solution was then evaporated to 40% of the total volume and precipitated 

in acetone. The precipitate was collected and freeze dried. The product was purified with a HP-

20 polystyrene gel (Sigma) using a gradient of water/methanol to yield βCD-AAm. 

Functionalization was confirmed using nuclear magnetic resonance.  

Ad-AAm was also synthesized based on the protocol of Kakuta et al. 156. In an ice bath, 

adamantylamine and triethylamine (Sigma) were dissolved in tetrahydrofuran (Sigma). Acryloyl 

chloride was added dropwise and left to react overnight. The precipitate was removed by 

filtration, and the supernatant was freeze dried overnight. Using silica gel column 

chromatography, the crude product was eluted with hexane/ethyl acetate to yield pure Ad-AAm. 

Functionalization was confirmed using nuclear magnetic resonance.  

To form the βCD and Ad fluorescein dyes, 6-Amino-βCD or Adamantylamine was dissolved in PBS 

and NHS-Fluorescein (Fisher) was added in 1:1.25 ratio. The mixture was allowed to react to 

completion overnight and used as is.  

4.3 Granular hydrogel fabrication and assembly  

AAm and APS solutions were created as described above in separate glass tubes (VWR) equipped 

with a rubber septum stopper. For host granular hydrogels, βCD-AAm was added directly into the 

AAm pre-gel solution. A third glass tube, with a stir bar, was prepared with a 6% (v/v) polyglycerol 

polyricinoleate (PGPR) (Palsgaard) in kerosene (Sigma) solution, at a volume of 3 ml kerosene 

solution to 1 ml of prepared pre-gel solutions (AAm and APS combined volumes). For guest 

granular hydrogels, Ad-AAm was included in the kerosene solution. The three glass tubes were 

then closed, and a septum penetration needle (Fisher) attached to a nitrogen gas supply was 

placed through the rubber stopper and into the depth of the liquid. An additional needle was 

used as a vent and the tubes were purged with nitrogen for 20 minutes.  
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After nitrogen purging, the APS solution was taken up into a syringe through the septum needle 

and added to the AAm pre-gel. Working quickly, the mixture was vortexed briefly, taken up by a 

second syringe and septum needle, and injected into the kerosene solution. The two-phase liquid 

emulsion was then vortexed on a Vortex Genie 2 (Scientific Industries) for a set time according 

to the desired bead size and left on a stir plate for a total of 15 minutes at 1000 RPM.  

After gelation, fresh kerosene was added to the two-phase emulsion, vortexed lightly, and 

allowed to settle via gravity. The top kerosene phase was removed, and the kerosene wash 

repeated for a minimum of 3 times, until there was no noticeable change in the translucency of 

the supernatant. The top kerosene phase was then completely removed and the remaining 

microgels transferred in 0.5 ml amounts to 1.5 ml Eppendorf tubes (Sarstedt) and topped up with 

PBS. Tubes were centrifuged at 14,000 rpm (21,000 RCF) for 2 minutes. Top layers of kerosene 

and PBS were removed and replaced with fresh PBS. The packed gel pellet was resuspended via 

pipette, centrifuged back down, and the process repeated multiple times. The bead suspension 

was transferred to new Eppendorf tubes after 2-3 washes. Washes were stopped once the beads 

were cleaned of the white surfactant residue. A sample of beads was examined under a 

microscope to confirm cleanliness and proper gelation. Microgels were gathered in a single 15 

mL tube, suspended in fresh PBS, and left overnight to swell at 4  ͦC.  

4.4 Imaging and analysis of hydrogels  

Size measurements of microgels were completed by inclusion of 0.2 μm FluoSpheres carboxylate-

modified red beads (Life Technologies) into the AAm pre-gel solution before microgel fabrication 

allowing for easier recognition during image analysis. Images were taken with a EVOS M7000 Cell 

Imaging System (Fisher), and the bead size was analyzed in FIJI 159.  

Fluorescein conjugated Ad and βCD used to allow for visualization and fluorescent intensity 

quantification of Ad and βCD functionalization in microgels. Fluorescein-Ad dye was added to 

βCD functionalized microgels, and fluorescein-βCD dye was added to Ad functionalized microgels 

at 5 μL/ml of bead suspension. Samples were washed 3 times in PBS before plating and imaging 

with an Olympus IX73 Microscope. Fluorescent intensity was measured using FIJI 159.  
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Visualization of Ad and βCD microgel interactions was completed by including 1 µL of fluorescein 

o-methacrylate (100 mg/mL in DMSO) (Sigald) per 1 ml of Ad AAm pre-gel solution, and 1 µL of 

0.2 μm FluoSpheres beads per 1 ml of βCD AAm pre-gel solution before microgel fabrication. 

Imaging of Ad and βCD bead and packed gels was completed using the EVOS M7000 system and 

analysis done using FIJI159.  

4.5 Micromanipulation of microgels  

Fine control and manipulation of the microgels was completes using a TRIOTM MP-245 

Micromanipulator System (Sutter Instrument) equipped with micropipettes fabricated on a 

Flaming/Brown Micropipette Puller Model P-97 (Sutter Instrument). A suspension of Ad 

microgels in PBS was placed in a well plate. Suction was applied to individual Ad microgels 

through the use of a syringe attached to the micropipette. The Ad microgels were contacted with 

a stiff bulk PAAm hydrogel, 12/2.5 (AAm%/Bis% (w/v)) functionalized with 24 mg/ml βCD, placed 

within the same well plate, and gently shaken to form a guest-host bond between beads and the 

bulk gel. Microgels were then grabbed with a micropipette using the micromanipulator and 

moved away to see stretching of the Ad microgels at the point of the guest-host bonds breaking. 

The Ad gel is then moved back to the surface of the βCD gel at the same point of contact and 

repeated until the manipulator lost suction on the Ad bead.  

4.6 Rheological characterization of hydrogels  

Mechanical characterization of bulk and granular packed hydrogels was completed using an 

Anton Paar MCR 302 Modular Compact Rheometer equipped with an 8 mm parallel plate 

geometry. Parallel plate geometry was selected as bulk hydrogels must be allowed to swell 

unconstrained overnight in PBS after gelation and subsequently would not conform to a cone 

and plate set-up without mechanically preloading the gel as material is pushed out from the 

center, or in a worse case causing the gel to break. As well, loading the granular gels required an 

adequately large gap size that is at least 10 times larger than the particle size, which is not 

possible in a cone and plate set up 118. All samples were tested on the stage heated to 37  ͦC. Bulk 

PAAm hydrogels were allowed to swell fully in PBS before placing them on the rheometer stage. 

The geometry was then lowered until a normal force between 0.04 and 0.10 N was measured. 
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The samples were then trimmed  to the geometry for testing. Granular packed bead hydrogels 

were formed by combing equal volumes of Ad and βCD microgels. 500 μL of Ad bead suspension 

at 100 μL beads/ml PBS is added to 500 μL of βCD bead suspension of the same concentration, 

gently pipetted to mix and centrifuged at 21,000 RCF for 2 minutes to form the bulk gel. Gels 

were transferred to the rheometer stage and the geometry lowered until the gel filled the sample 

space. Samples were then trimmed to the geometry size for testing. All samples were subject to 

an amplitude sweep from 0.01 to 1000% shear strain. Shear stress, storage modulus (G’), and 

loss modulus (G”) were measured and reported. Elastic modulus was determined from the linear 

region of G’ reading and yield point was determined at a drop of 5% from the elastic modulus.  

4.7 Cell and aggregate culture  

Microgels for cell culture were created using a pre-gel solution that was sterilized through 0.22 

μm nylon syringe filters (Fisher). Fabricated microgels were resuspended in PBS with 1% (v/v) 

antibiotic-antimycotic (anti-anti) (Fisher) and left to sterilize under UV light at 36 W overnight. 

Microgels were then handled under sterile conditions in a biological safety cabinet (BSC). 

Microgels were centrifuge and the supernatant removed to prepare them for use.  

The breast cancer cell lines MCF7s and T47Ds (ATCC), were used to study microgels 

cytocompatibility and in  culture tests, respectively. Cells were cultured in Dulbecco’s Modified 

Eagle’s Medium (DMEM) high glucose (Fisher) supplemented with 10% (v/v) fetal bovine serum 

(FBS) (Fisher) and 1% (v/v) anti-anti at 37°C, 5% CO2. Culture media was changed every two days. 

These cells were cultured in T-25 vented cap cell culture flasks (VWR). When the cells reached 

approximately 80% confluency, trypsin-EDTA (0.25% v/v) (Fisher) was used to detach cells. Cells 

were resuspended and plated in complete growth medium to the desired cell concentration or 

used in experiments.  

To study the cytocompatibility of the fabricated microgels, 5 μL of Ad or βCD microgels were 

plated in a 96 well plate (Fisher) with 200 μL of complete growth medium. The plate was 

centrifuged at 200 RCF for 2 minutes. MCF7 cells were seeded at 1x104 cells per well for 4 wells 

total on day 0. Media was changed on day 2 and brightfield images collected on days 1 and 3 

using the EVOS M7000 system. Cells were live/dead stained on day 3 with calcein AM (Life 
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Technologies), ethidium homodimer-1 (EthD-1) (Life Technologies), and Hoechst 33342 (Sigma). 

Calcein AM was added at a concentration of 2 μM for staining of live cells. EthD-1 was added at 

a concentration of 4 μM for staining of dead cells. Hoechst 33342 was added as a live nuclear 

label at a concentration of 2 μL/ml. Cell cultures were left to incubate at 37°C for 30 minutes 

before imaging. The number of live and dead cells were quantified using FIJI 159. A parallel control 

culture was conducted following the same procedure but without the addition of microgels.  

T47D aggregates were formed by seeding cells in arrays of 500 μm non-adhesive PAAm 

microwells. Wells were created as described previously for bulk PAAm gels on 3D printed moulds. 

Gels were created using a 12/2.5 (AAm%/Bis% (w/v)) formulation to create a very stiff PAAm 

microwell. Pre-gel solutions were filtered as previously described, and after gelation, placed in 

12 well plates (Fisher), soaked in anti-anti and exposed to UV light for sterilization. T47D cells 

were prepared by suspended at 10×106 cells/mL media. 200 μL of cell suspension was pipetted 

to the microwell array surface and cells were allowed to settle into the wells for 5 minutes before 

excess media was aspirated. Seeded wells were supplemented with complete media, incubated 

at 37°C and 5% CO2, and allowed to self assemble into spheroids for 3 days before use.  

Aggregates were embedded in both granular guest-host gels and a TrueGel3D Hydrogel kit 

(Sigma) as a linearly elastic, non-plastically deformable, and non-degradable control. Granular 

gels were prepared by first suspending Ad and βCD bead separately in media at 100 μL beads/ml. 

50 μL of each suspension was added to a well of a 96 well plate, gently pipetted to mix and 

centrifuged using Sorvall Legend RT+ centrifuge (Fisher) equipped with a well plate attachment 

at 100 RCF for 2 minutes. T47D aggregates were transferred from the PAAm microwells to the 

guest-host bead bed using a cut tip pipette, at 2 to 6 aggregates per well, and centrifuged at 75 

RFC for 2 minutes. 100 μL of Ad and 100 μL of βCD suspensions were added and centrifuged at 

75 RFC for 2 minutes to encapsulate the aggregate. TrueGel9 TrueGel3D hydrogels were 

prepared according to the manufacturer's instructions. Briefly, the TrueGel3D buffer 10× 

concentrated, SLO-PVA, and water were mixed in a well of a 96 well plate before adding 2 to 6 

aggregates per well. The polyethylene glycol (PEG) non-cell-degradable crosslinker was added to 

initiate gelation and was left to incubate for 1 hour at 37°C. Complete media was added to cover 
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the gel and left for an additional hour before being replaced with fresh media. Samples were 

monitored and imaged over 6 days. The size of the aggregates were measured using FIJI 159.  

4.8 Quantification of aggregate invasion  

Invasion of the aggregates was characterized by measurement of an aggregate’s circularity over 

time. Measurements of the aggregates were completed in FIJI 159 with circularity defined as 

follows.  

𝐶𝑖𝑟𝑐𝑢𝑙𝑎𝑟𝑖𝑡𝑦 =
𝑃𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟2

4𝜋 ∗ 𝐴𝑟𝑒𝑎
 

This ratio allows for a normalized measure of the aggregate shape, where a value of 1 indicates 

a circular area and values above 1 indicates a deviation from a circular area. In this case, a 

significant deviation of the day-to-day circularity indicates invasion of the aggregate into the 

surrounding hydrogel as it shows tissue growth in one direction, away from the aggregate body,  

not associated with overall growth. 

4.9 Creation of figures and statistical analysis of aggregate growth  

Figures were created and analysis of the aggregates to compare growth on day 6 were completed 

in GraphPad Prism 9.1.2 for Windows, GraphPad Software, San Diego, California USA, 

www.graphpad.com.  

Normality of the growth rate data sets was determined using a Shapiro-Wilk test. Equivalence of 

variance was assessed using a Brown-Forsythe test. As the data was determined to be normally 

distributed and the standard deviations were not statistically different, an Ordinary one-way 

ANOVA was completed followed by a Tukey’s multiple comparison test.  

Normality of aggregate invasion data sets was determined using a Shapiro-Wilk test. Sphericity 

was not assumed, and a Geisser-Greenhouse correction applied. Conditions were found to pass 

normality and a repeated measures one-way ANOVA was completed followed by a Tukey’s 

multiple comparison test. Conditions that did not pass normality were assessed using a Friedman 

test followed by a Dunn’s multiple comparison test. As the TrueGels are non-degradable and non-

plastically deformable, a high level of confidence (P<0.001) was selected to remove any 

differences due to the natural growth of the aggregate and any corresponding spread of the data. 
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The same level of confidence was applied to the packed bead invasions to look for deviation as a 

signal that invasion had occurred.   
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5 Results  

5.1 Fabrication of guest and host functionalized PAAm microgels  

PAAm microgels were fabricated using the vortex emulsion method. Sets of beads were made to 

study the effect of microgel size, microgel stiffness, and the amount of βCD-AAm and Ad-AAm 

included in the pre-gel setups on the mechanical properties of a packed granular hydrogel. Sets 

of PAAm microgels labeled with 0.2 μm FluoSpheres beads were created with an AAm/Bis ratio 

of 3/0.1 (w/v%), without either βCD or Ad, and with vortex times of 5, 30, and 120 seconds. 

Increasing the vortex time led to smaller overall microgel sizes and a narrower distribution of 

microgels (Figure 9a). Two separate microgels batches with an AAm/Bis ratio of 3/0.1 (w/v%) at 

120 seconds vortex time were created for a βCD concentration of 24 mg/ml and an Ad 

concentration of 4 mg/ml to observe if the addition of the host or guest molecule influences the 

size of the fabricated microgels. Similar bead sizes and size distributions were seen in both the 

βCD and Ad functionalized microgels when compared to the unfunctionalized microgels of the 

same AAm/Bis ratio and vortex time (Figure 9b).  

 

Figure 9: Granule hydrogel size as a function of vortex time. a) Distribution of bead sizes for emulsion 
vortex times of 5 seconds (left), 30 seconds (middle) and 120 seconds (right). b) Comparison of bead sizes 
for unfunctionalized PAAm, Ad functionalized PAAm, and βCD functionalized PAAm microbeads of a 120 
second vortex time.  
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Microgels were fabricated with different amounts of guest or host molecules included into the 

pre-gel set ups. An initial concentration curve was created by adding fluorescein labeled guest or 

host molecules to samples of microgels to determine if there was a maximum or minimum 

threshold in the concentration of Ad or βCD functionalization to the PAAm microgels 

(Supplementary Figure 21). A plateau of maximum concentration was seen between 2 and 4 

mg/ml for Ad, and only a slight decrease was seen between 12 and 24 mg/ml for βCD. A second 

set of beads were fabricated for Ad at 0.4, 0.8, 1.33, and 4 mg/ml, taking in mind the maximum 

concentration plateau. A second set of βCD beads were also fabricated at 2.4, 4.8, 10, and 24 

mg/ml. Fluorescein dyes conjugated with either Ad or βCD were added to the βCD or Ad 

functionalized beads, respectively. The dyes were also added to unfunctionalized PAAm bead 

controls. A decrease in the fluorescence intensity was seen for both the Ad and βCD 

functionalized beads with decreasing Ad and βCD concentrations (Figure 10). 

 

Figure 10: Granule guest and host functionalization. a) Fluorescent images of Ad functionalized beads 
for 0.4, 0.8, 1.33, and 4.0 mg/ml of Ad with a βCD-fluorescein dye. b) Normalized intensity of Ad 
functionalized beads. c) Fluorescent images of βCD functionalized beads for 2.4, 4.8, 10, and 24.0 mg/ml 
of βCD with an Ad-fluorescein dye. d) Normalized intensity of βCD functionalized beads. 

Bulk PAAm gels were fabricated with different AAm%/Bis% ratios and tested using shear 

rheometry to confirm differences in the formulation’s elastic properties. Bulk gels of 3/0.05, 

3/0.1, and 7.5/0.05 (AAm%/Bis% (w/v)) were created. The three different formulations showed 

distinctly different storage moduli at 50 Pa, 335 Pa, and 2270 Pa for 3/0.05, 3/0.1, and 7.5/0.05 

respectively (Figure 11).  
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Figure 11: PAAm formulation storage modulus. Comparison of a) shear rheology amplitude sweep and 
b) measured storage moduli for different PAAm formulations. 

5.2 Confirmation of guest and host interactions 

Batches of Ad functionalized, βCD functionalized, and unfunctionalized PAAm beads were 

combined together to confirm packed gel formation and that formation is due to Ad-βCD 

interactions and not from other effects. Beads were mixed in equal parts for PAAm and βCD, 

PAAm and Ad, and βCD and Ad. Formation of a packed bulk gel was only seen with the Ad and 

βCD mixture, whereas the other combinations remained as a bead slurry (Figure 12).  

 

Figure 12: Mixing interactions of functionalized and unfunctionalized PAAm beads. Slurries of 
unfunctionalized PAAm beads mixed with βCD-PAAm beads (left) and Ad-PAAm beads (middle) staying 
as slurries, and βCD-PAAm beads mixing with Ad-PAAm beads to form a solid gel (right). 
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Ad and βCD beads were fabricated with fluorescein or 0.2 FluoSpheres beads respectively for 

both the 3/0.1 and 7.5/0.05 AAm/Bis (w/v%) formulations. Diluted samples of Ad and βCD beads 

were imaged to observe the guest-host interactions and microgel behaviour at the micron or 

bead-to-bead level. The softer 3/0.1 (335 Pa storage modulus) showed more deformation and 

increased areas of interaction between Ad and βCD bead types when compared to the stiffer 

7.5/0.05 (2270 Pa) beads (Figure 13). The 7.5/0.05 beads maintained their spherical structure 

with less area of interaction between the Ad and βCD beads (Figure 13a). The deformation was 

not observed for beads of the same type (Ad to Ad or βCD to βCD) clumping together. Guest-host 

interactions between the beads were further observed using a micromanipulator set up, where 

interactions between unfunctionalized PAAm beads and interactions between guest and host 

functionalized beads were studied. All beads were fabricated at 3/0.1 AAm/Bis (w/v%), and 

functionalized beads were made with 4 mg/ml Ad or 24 mg/ml βCD. When contacted together, 

no signs of binding were observed for the unfunctionalized beads (Figure 13b), while binding 

between guest and host beads required little contact to occur and created strong interlinking as 

shown by the high degree of stretching without breaking of the bonds (Figure 13c).  
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Figure 13: Soft and stiff guest and host granule interactions. a) Comparison of soft (top) and stiff 
(bottom) PAAm formulations interlinking, squishing together, and deforming due to guest-host 
interactions. Ad functionalized beads in green and βCD functionalized beads in red. b) Contact and 
separation of unfunctionalized PAAm hydrogels. c) Contact, binding together, and attempted separation 
of guest and host functionalized PAAm hydrogels.  

To ensure uniform properties across a packed granular gel, mixing by hand and mixing via 

vortexing and centrifugation were compared. Equal parts Ad and βCD beads functionalized with 

fluorescein or 0.2 μm FluoSpheres beads respectively were mixed with the end of a pipette tip. 

The resulting packed gel was then imaged for the two types of beads and normalized intensity 

compared. Imaging was repeated for gels mixed together in a diluted suspension, vortexed, and 



40 
 

centrifuged into a packed gel. Beads were less evenly distributed when mixed by hand, as 

normalized intensity readings showed pockets of lower fluorescence for both types of beads 

(Figure 14). Mixing via vortex provided a more uniform bead distribution and better mixing of the 

two bead types, which would lead to more uniform material properties throughout the packed 

gel (Figure 14). 

 

Figure 14: Effect of mixing methods on packed gels. Fluorescent images of mixed Ad (green) and βCD 
(red) functionalized PAAm granules. Distribution of beads for mixing by hand (top) and via vortexing and 
centrifuge (bottom), along with normalized intensity readings. 

5.3 Repeated adhesion of Ad beads to βCD bulk gels 

Ad functionalized beads were fabricated at 3/0.1 AAm%/Bis% (w/v), 1.33 mg/ml Ad, and vortex 

time of 5 seconds for larger beads that will provide a lower amount guest-host bonding. To 

demonstrate repeated binding of guest-host complexes, a dilution of beads were added to a stiff 

βCD functionalized PAAm block and allowed to bind to the surface then repeatedly removed and 

reattached. Detachment of the beads from the PAAm block occurred when moving directly away 

from the surface. For all trials completed, stretching at the point of detachment was measured 

along the semi-major axis and normalized to the unstretched bead diameter. Normalized 

detachment length followed a linear trend (Figure 15) with variations in stretched semi-major 

axis due to instability in micromanipulator speed and control of manipulator by hand. In all trials, 

the detachment attempts ended due to loss of suction from the micromanipulators on the Ad 

microgel and the bead adhering to the stiff bulk gel surface.  
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Figure 15: Repeatability of guest-host complex formation. Repeated adhesion and detachment of Ad 
functionalized PAAm granules on stiff βCD bulk gels. a) Schematic of the bead detachment and 
reattachment trials: Initial separation of bead from the bulk gel, attachment of the bead to the gel, 
movement away and stretching of the bead from the bulk gel, and detachment of the bead. b) 
Detachment images corresponding with trial 3, granule shown unstretched and at point of detachment 
1, 5, and 13. c) Normalized length of the semi-major stretched axis with detachment attempts for four 
bead detachment trials. 
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5.4 Mechanical properties of packed granular hydrogels 

Sets of packed guest-host granular hydrogels were created to measure their elastic and plastic 

properties. Shear rheometry was completed to quantity the packed gels storage modulus, a 

measure of the material's elasticity, as well as its yield point, a measure of when a material enters 

the plasticly deformable region. Packed gels were created for varying bead sizes, varying bead 

stiffnesses, and the concentration of Ad  and βCD included in their respective beads. Equal 

amounts of the Ad and βCD beads were used in packing together the bulk gels. 

To observe the effect of bead size on mechanical properties, packed gels were fabricated with 

vortex emulsion times of 5 s, 30 s, and 120 s, where the longer vortex time leads to smaller bead 

sizes. All beads were fabricated for 3/0.1 AAm%/Bis% (w/v), and 4 mg/ml of Ad or 24 mg/ml βCD. 

No observable difference was noticed in the storage modulus, while the yield stress decreased 

with decreased bead sizes (Figure 16a). However, the yield strain was comparable for all three 

conditions. 

The three bead formulations, 3/0.05, 3/0.1, and 7.5/0.05 (AAm%/Bis% (w/v)), were tested to 

observe how individual bead stiffness plays a role in the bulk packed gel properties. Beads were 

fabricated at 120 s vortex time, and 4 mg/ml of Ad or 24 mg/ml βCD. An increase in bulk stiffness 

was seen with increasing individual bead stiffness. For the 3/0.05 formulation a storage modulus 

of 75 Pa was measured, 204 Pa for 3/0.1 formulation, and a value of 962 Pa for the 7.5/0.05 beads 

(Figure 16b). A similar trend was seen with the measured yield stress, where increasing bead 

stiffness led to a higher yield stress for the packed gels. Yield strain was observed to decrease 

slightly with increasing stiffness. 

Four sets of beads were used to measure how decreasing amounts of Ad influences the packed 

gel mechanical properties. Concentrations of 4, 1.33, 0.8, and 0.4 mg/ml were tested. All beads 

were fabricated at 120 s vortex time, 3/0.1 AAm%/Bis% (w/v) and packed with βCD beads of a 24 

mg/ml concentration. Overall bulk gel stiffness decreases as Ad concentration decreased, while 

yield stress decreases below an Ad concentration of 1.33 mg/ml (Figure 16c). Yield strain was 

observed to be similar across Ad concentration. 
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Similarly, four sets of beads were used to study decreasing βCD concentration in the packed gels. 

Concentrations of 24, 10, 4.8, and 2.4 mg/ml were tested. All beads were fabricated at a vortex 

time of 120 s, 3/0.1 AAm%/Bis% (w/v) and packed with Ad beads of a 4 mg/ml concentration. 

Overall bulk gel stiffness decreases as βCD concentration decreases, and a similar trend was 

observed for the yield stress with respect to the βCD concentration (Figure 16d). Yield strains 

were observed to be similar across βCD concentrations.  
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Figure 16: Rheological characterization of granular packed gels. Packed granular guest-host gels were 
fabricated and characterized for varying a) granule size presented as vortex emulsion times, b) granule 
stiffness presented as their AAm/Bis pre-gel concentrations, c) guest Ad concentration in the emulsion 
kerosene phase, and d) host βCD concentration in the pre-gel. From L to R, comparative amplitude 
sweeps of gels, storage modulus, yield stress, and yield strain are presented. 
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5.5 Plastically tunable granular hydrogels as an aggregate culture platform.  

Guest and host granular hydrogels were assessed for their cytotoxicity with respect to the chosen 

model MCF7 breast cancer cell line. Ad and βCD beads were separately plated and MCF7 cells 

seeded on top and left for 3 days in culture, along with a control with no beads. Proliferation and 

spreading of cells was observed from day 1 to day 3 (Figure 17a). Comparably high cell viability 

was seen on day 3 for Ad and βCD cultures as well as in the control (Figure 17b).  

 

Figure 17: Live/dead study of guest and host granules. a) Growth of MCF7 breast cancer cells over 3 
days, plated with βCD functionalized beads. b) comparison of live/dead staining results for MCF7 cells 
with βCD functionalized beads, Ad functionalized beads, and a control of no beads. 

Cultures were created using T47D cell aggregates to study the growth of spheroids in the packed 

granular hydrogels and create growth curves over a 6-day time period. Four conditions were 

chosen for the granular gels, as laid out in table 2, to capture a range of plastic and elastic 

properties.  

Table 2: Fabrication parameters used for packed granular gels in T47D aggregate cultures. 

AAm%/Bis% 

(w/v) 

Vortex 

Time (s) 

Ad 

Concentration 

(mg/ml) 

βCD 

Concentration 

(mg/ml) 

Elastic Modulus,  

(Pa) (Figure 16)  

Yield Stress  

(Pa) (Figure 16) 

Nominal Storage 

Modulus (E)/ Yield 

Stress (Y) 

3/0.1 120 0.4 24 70 ± 16 41 ± 18 E=70,Y=40 

3/0.1 120 0.8 24 85 ± 8 68 ± 10 E=85,Y=70 

3/0.1 120 4 24 204 ± 12 108 ± 8 E=200,Y=110 

7.5/0.05 120 4 24 962 ± 89 371 ± 121 E=960,Y=370 
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A TrueGel3D non-cell degradable and non-plastically deformable control was chosen to observe 

T47D aggregate growth in a linear elastic environment over a range of elastic moduli. Crosslinking 

strengths were chosen of 1.5, 2, 3, and 4 according to the supplier technical information 

corresponding with an elastic moduli of 30 Pa, 100 Pa, 300 Pa and 1000 Pa, respectively.  

Highest growth in TrueGel3D conditions was seen for the lowest gel stiffness of 30 Pa leading to 

a doubling in the area by day 6 (Figure 18). As gel stiffness increased to 100 Pa, mean normalized 

growth decreased to 1.75 on day 6, and further down to 1.58 times for stiffnesses of 300 and 

1000 Pa. Increased cell density was also observed in all conditions, as seen by the formation of 

darker regions within the aggregate from day 3 to day 6. Consistent growth was observed for all 

gel conditions.  
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Figure 18: T47D growth in TrueGel hydrogels. Growth of T47D aggregates over 6 days in linear elastic 
TrueGel3D gels for elastic moduli of 30 Pa, 100 Pa, 300 Pa, and 1000 Pa. Growth curves are of aggregate 
normalized area with respect to original day 0 area. E = storage modulus (Pa). 
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Similarly, the highest growth in the packed granular gels was seen for granular gels with the lower 

stiffness and lower yield stress (E=70,Y=40), with mean normalized area of the aggregates 

reaching up to 1.78 (Figures 19). Lowest growth was seen in packed gels with the highest stiffness 

and yield stress (E=960,Y=370), with a mean of 1.38 normalized area on day 6. Slightly higher 

growth was seen for the softer gels with high yield (E=200,Y=110), for a mean normalized area of 

1.55.  

 

Figure 19: T47D growth in packed granular guest-host hydrogels. Growth of T47D aggregates over 6 
days in packed granular hydrogels. Samples varied for Ad concentration, and individual bead stiffness. 
Growth curves are of aggregates normalized area with respect to original day 0 area. E = storage 
modulus (Pa), Y =  yield stress (Pa).  
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Comparisons of aggregate day 6 growth were completed for both TrueGels and packed granular 

hydrogels, and statistical analysis was performed (Figure 20a). Across the TrueGel platform, a 

statistical difference was found between gels of 30 Pa and that of 300 and 1000 Pa for overall 

growth of the aggregates with regard to the differing gel stiffnesses. However, no significant 

differences were found for the gel of 100 Pa. Comparison of the aggregate’s day 6 growth for the 

packed granular gels showed a statistical difference between the E=70,Y=40 and E=85,Y=70 with 

that of the E=960,Y=370 (Figure 20b). However, there were no significant differences for beads 

of E=200,Y=110.  

 

Figure 20: Day 6 T47D aggregate growth. Comparison of a) different TrueGel storage modulus and b) 
different packed gel formulations for day 6 aggregate growth. For packed gels, Ad concentration 
increases over the first three (L to R), while individual bead formulation is consistent. The last two 
conditions have the same level of Ad functionality, but the 4th condition is a stiffer formulation. E = 
storage modulus (Pa), Y =  yield stress (Pa). * = p < 0.05, ** = p < 0.01. 

Invasiveness was measured using circularity for aggregates in TrueGels of E=100 and E=1000 as 

a comparison of low and high stiffnesses, as well as all packed gel conditions to examine a range 

of yield stresses. For both TrueGel conditions, circularity was found to be close to 1 and consistent 

over the 6-day period, between 1.02 and 1.03 for E=100 and 1.04 and 1.06 for E=1000, (Figure 

21). No significant day-to-day differences were determined for either TrueGel's condition over 

the course of the experiment, confirming a lack of invasion into the hydrogel. 
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Figure 21: Invasion of T47D aggregates in TrueGel hydrogels. Outline of aggregate perimeter on day 3 
and overlay of the perimeter on day 6 aggregate for visualization of invasion, as well as plots of 
aggregate invasiveness measured through their circularity. Values close to 1 represent a perfectly 
circular aggregate cross-sectional area, and values above 1 indicate a deviation from the circular shape. 
No significance was found in the measured aggregate circularity. E = storage modulus (Pa).  

The packed bead hydrogels of E=70,Y=40 had an initial circularity of 1.05 with a significant 

increase from 1.08  to 1.21 between days 2 and 3, and further to 1.68 by day 4 indicating invasion 

of the aggregate starting and progressing through the packed beads. The E=85, Y=70 gels had an 

initial circularity of  1.03 and increased significantly to 1.43 between days 3 and 4, again showing 

invasion of the aggregate into the surrounding ECM. The packed bead hydrogels of E=200, Y=110 

and E=960, Y=370 showed a higher overall circularity of 1.08 to 1.24 and 1.12 to 1.22 respectively, 

but no significant day-to-day change was found indicating no invasion into the surrounding gels 

(Figure 22). 
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Figure 22: Invasion of T47D aggregates in packed granule guest-host hydrogels. Outline of aggregate 
perimeter on day 3 and overlay of the perimeter on day 6 aggregate for visualization of invasion, as well 
as plots of aggregate invasiveness measured through their circularity. Values close to 1 represent a 
perfectly circular aggregate cross-sectional area, and values above 1 indicate a deviation from the 
circular shape. E = storage modulus (Pa) Y = yield stress (Pa). *** = p < 0.001, **** = p < 0.0001.  
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6 Discussion  

Design of a plastically tunable hydrogel system required the study and understanding of the 

different controllable properties. Since this is a packed microgel system, those include properties 

inherent to individual granules. Size of individual granules was shown to be influenced by the 

fabrication parameters, in this case the length of time the emulsion was vortexed for during 

gelation (Figure 9a). However, even for the shortest vortex times, which is 5 seconds, the mean 

bead size was still quite small at roughly 30 μm in diameter when compared to the 10 μm 

diameter for the 120 second vortex time. This is most likely accounted for by the stir plate RPMs 

influencing the size after the vortexing but during the gelation process. The fabrication of larger 

beads would require a lower stir plate speed than used in this work. If smaller beads were needed 

other methods would have to be explored, as increasing vortex time leads to a diminishing 

returns effect for the size. Sonication could be one method to fabricate nano scale beads. 

Recovery of granules also proved more difficult as size decreased due to slower settling times 

and had an increased likelihood of wasting beads during subsequent washing steps. The addition 

of βCD or Ad did not significantly change the bead size in comparison to the pure PAAm granules 

when added at their maximum solubility during the pre-gel set up (Figure 9b), although 

measurements were taken only at 120 second vortex time and inclusion of these functionalities 

may have a more pronounced influence in larger beads.  

Initial fluorescent intensity test of the functionalized Ad or βCD beads using the guest-host dyes 

showed plateaus of intensity at higher concentrations for both (Supplementary Figure 21) leading 

to the selection of lower concentrations to functionalize the beads. Successful bead 

functionalization at different concentrations was visualized by the additions of the appropriate 

guest or host dye under fluorescent imaging (Figure 10). Not only does it show the different 

degrees of functionality, but it shows the success of dissolving Ad-AAm into the kerosene phase 

directly can provide functionalization through random interactions with the pre-gel solution. This 

was required as Ad has poor solubility in aqueous solutions but is soluble in hydrocarbons. 

Measurements were taken for beads of 3/0.1 AAm/Bis (w/v%) and for a vortex time of 120 

seconds, but the beads stiffness and size may play a role in the level of functionalization and 

would need to be characterized further.  
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As established by Pelham and Wang, varying the amount of AAm and Bisacrylamide in the pre-

gel solution can adjust the hydrogels stiffness 70. The selected gel formulations covered a range 

of biologically relevant stiffnesses from tens of pascals, up to a few kilopascals in range, and were 

confirmed using shear rheometry (Figure 11). While the measurements were taken on 

conventional bulk gels, it was assumed that beads of the same formulation would be of similar 

stiffness. However, the three studied bead properties, that is the size, stiffness, and guest or host 

functionalization, would most likely be interlinked. For example, increasing the beads stiffness 

with the pre-gel formulation would lead to quicker gelation which would influence the size of the 

beads during vortexing, or the addition of Ad or βCD could affect the mechanical properties of 

the hydrogels after gelation. The intertwining of these three properties means that 

characterization of the chosen size, stiffness, and functionalization is required for combinations 

not studied in this work.  

Creation of this biomaterial required ensuring that the guest-host interlinking between beads 

was occurring as expected. Packing together of the gel only occurred when functionalized beads 

were combined with one another, and not with unfunctionalized PAAm (Figure 12), and showed 

high affinity for bead-to-bead interlinking, with gels deforming into each other due to the 

strength of the guest-host interactions (Figure 13). Binding together of beads to form a packed 

gel was found to be almost instantaneous, where if a high concentration of one bead type was 

added to the other, also at a high concentration, the packed gel would form within the 

suspension instantaneously. This required the handling and mixing of the beads at low 

concentrations ( < 100 μL beads/ml) to ensure adequate distribution of bead types and uniform 

properties through the packed gel. Development of a plastic hydrogel platform requires that the 

structure be maintained after the deformation has occurred, meaning that the guest-host bonds 

need to be reformed in new configurations after being broken apart. Up to 15 bindings and 

separations of the Ad bead on the βCD bulk gel showed similar deformation of the bead before 

breaking of the guest-host complexes (Figure 15b). In the context of biomaterials, it is not known 

exactly how often this breaking and reforming would need to occur to allow for the plastic 

remodeling of the ECM and growth of aggregates or cell migration. However, no signs of 
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weakening adhesion were seen over repeated tests, indicating this platform would properly allow 

for this type of behaviour.  

This granule-hydrogel platform allows for control over the stiffness of the material as a measure 

of its elasticity, as well as its yield stress for when the biomaterials moves from the elastic into 

the plastic deformation region. This was accomplished through adjustments to the packed gel 

granule size, individual bead stiffness, and the level of guest and host functionalization. As 

decreased yield stress and strain were observed with smaller bead sizes, it may be due to the 

changing ratio of guest-host bead-to-bead interlinking to crosslinking within individual PAAm 

gels. That is, if the granules are larger then crosslinking within the beads would play more of a 

role within the packed gels, where with smaller individual gels the guest-host interlinking would 

provide more to the structure and in turn be more influential on the yielding of the material.  

When looking at the effects of individual bead stiffness on the packed gel, both storage modulus 

and yield stress increased with stiffness (Figure 16b). Interestingly, for both 3/0.1 and 7.5/0.05 

AAm/Bis (w/v%) formulations the packed gel had a lower bulk stiffness then the conventional 

bulk gel of the same formulation, while the softer 3/0.05 formulation had a slightly stiffer granule 

gel then conventional PAAm hydrogel. Further study would be required to understand if the 

packed gel stiffness translates to the local stiffness that would be seen by cells or aggregates. It 

was also observed that while yield stress increases with bead stiffness, the yield strain decreases, 

believed to be due to the increased resistance to deformation of stiffer beads before the guest-

host interlinking breaks.  

Changing the level of guest or host functionalization showed that decreasing either leads to a 

decrease in both packed gel storage modulus and the yield stress (Figures 16 c, d). This is believed 

to occur due to lower bead-to-bead interlinking reducing the mechanical stiffness of the packed 

gel and requiring less stress in breaking the guest-host complexes. Interestingly, similar yield 

strains were required for the various levels of guest or host functionalization, indicating that 

beads were deformed a similar amount regardless of the required force to separate the guest-

host complexes.  
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When applied to cell cultures, no differences in cell viability were observed, and the two types of 

functionalized beads did not appear to hinder or slow cell proliferation. It was also observed that 

the cells did not adhere to either set of beads. While PAAm is inherently non-adhesive to cells 

and can be adhesively functionalized through the surface binding of sulfoSANPHA and collagen, 

it was not known if the addition of Ad or βCD would change the cells interaction with the beads 

or allow for adhesion. This positions the packed gel to study cell and aggregate behaviour in a 

non-adhesive environment.  

T47D aggregates encapsulated in TrueGels showed growth for all the ECM stiffnesses tested 

(Figure 18). As expected, the lower stiffness gels led to higher expansion of the aggregates. What 

was not observed was a complete plateau in growth for any of the TrueGel conditions, that is 

confinement of the aggregate due to a limit in the allowable elastic deformation. For the lower 

stiffnesses of 30 and 100 Pa, a linear increase of aggregate area was seen over the 6 days in 

culture. For the higher TrueGel stiffnesses of 300 and 1000 Pa, growth was seen to slow by day 

5. Similar growth rates were seen for both 300 and 1000 Pa. A statistically significant difference 

was found between the 30 Pa and the 300 and 1000 Pa stiffnesses, confirming that the elasticity 

of the ECM plays a role in limiting T47D aggregate growth rate. As this TrueGel platform is non-

degradable from cells and is non-plastically deformable, no signs of invasion or sprouting from 

the aggregate were observed as there was no significant change in the aggregate’s circularity 

over time for the two conditions considered, that is the E=100 and E=1000. The effect of the 

platform’s elasticity can be used as a comparison for growth to that of the packed gels.  

Similar to the TrueGels, the packed granular gels showed higher rates of growth for combinations 

with lower storage modulus (Figure 19). However, two conditions were at play in the packed gels, 

that being the stiffness of the individual beads and the level of interlinking due to Ad 

functionalization, leading to a range for both the storage modulus and the yield point. The first 

three conditions, E=70,Y=40, E=85,Y=70, and E=200,Y=110, were created with the same bead 

formulation (3/0.1 AAm/Bis (w/v%)) but differing concentrations of Ad in the pre-gel, 0.4, 0.8, 

and 4 mg/ml respectively, while the last gel has an Ad concentration of 4 mg/ml but a gel 

formulation of 7.5/0.05 AAm/Bis (w/v%). The two lowest stiffness and yield points had not only 

higher growth but also showed signs of cell invasion into the packed gel by day 6 as observed by 
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the branching out of cells into the gel and measured by the change in the aggregate’s circularity. 

The E=200, Y=110 and E=960,Y=370 gels did not show the same signs of invasion and there was 

no significance found in the day-to-day circularity of the samples. As the guest-host interactions 

cause binding and deformation of the beads when packed together, the porosity would be 

limited, and as the PAAm are non-cell-degradable, this invasion of the T47D aggregate is believed 

to be due to plastic remodeling of the ECM via the breaking of the guest-host bead interlinking. 

First signs of invasion in the low yield packed gels occur between days 2 and 3 for E=70, Y=40 and 

between days 3 and 4 for E=85, Y=70. This indicates that invasion into the ECM will occur earlier 

due to lower hydrogel yield stress. As the TrueGel E=100 with a similar stiffness did not show 

invasion indicating that this behaviour is dependent on the plastic properties of the gel. However, 

as the E=200, Y=110 packed gel did not show invasion, this suggests that there is a limit to the 

materials plastic properties where the yield point is so high that the materials behaviour is similar 

to the purely elastic TrueGels. A longer timeframe experiment would be required to explore 

when breaking of the guest-host bonds would occur for the higher yield point packed gels, such 

as the E=200, Y=110 or even then E=960, Y=370, or if the bead-to-bead interlinking strength 

threshold is above the stress that the aggregate could generate. Decreasing aggregate growth 

was seen as both packed gel elasticity and yield points increased, however the same behaviour 

was observed in TrueGels where yield points were not a factor. While a significant difference is 

measured between the low yield, low stiffness packed gels of E=70,Y=40, and E=85,Y=70 and the 

high interlinking high stiffness gel of E=960,Y=370, further work would need to be completed to 

understand the role plasticity plays in overall growth, if yield stress alone could be enough to 

limit growth rates in soft gels, or if aggregate growth is regulated by the elasticity independently 

of the materials plasticity.  
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7 Directions for Future Work  

The presented work lays out a foundation to build upon for the use of a packed granular hydrogel 

with tunable plastic deformation properties. However, much more work will be needed to further 

characterize it, explore its limitations, and understand how to apply it to cell and aggregate 

cultures. Fabrication of larger and smaller granules would be needed to further understand how 

this property influences packed gel mechanical properties. Not only that, but other combinations 

of bead stiffness, sizes, and levels of functionalization should be explored to better understand 

the complex relationship between these three properties and the corresponding elasticity and 

plasticity. For example, adjusting the bead formulation to increase the stiffness would lead to 

faster gelation of the beads, which in turn would affect the size of the beads. It is also of note 

that in this work the size of the beads was characterized for just one formulation with varying 

vortex times. To completely rule out the effect of bead sizes on the mechanical properties of 

different packed gel bead formulations, vortex times and corresponding bead size distributions 

should be characterized for a range of microgel stiffness, and then beads of similar sizes could be 

compared. Varying the ratio of Ad to βCD functionalized beads could also be studied as a method 

of controlling the packed gel properties.  

While the study of the bulk packed gel properties was completed, further work would be needed 

to explore the local behaviour of the gel. This could include individual bead stiffness and the 

stresses observed by encapsulated tissues and cells. Osmotic pressure testing could be used to 

confirm that the measured stiffness for different formulations of PAAm translates from the 

conventional bulk gel down to the individual granules fabricated using the emulsion method, and 

that the addition of Ad or βCD or changing the granule size does not significantly change the 

resulting storage modulus. Local packed gel stiffness could also be probed via the use of thermally 

responsive hydrogel probes, such as those presented by Mok et al. 160, where the thermal 

expansion of the probe would allow for a better understanding of not only the local stiffness but 

the required local yield stress at the cell and tissue scale.  

Long-term stability of the packed gels mechanical properties should also be explored. The effects 

of cell media are not known on bead-to-bead interlinking and could reduce the hydrogels elastic 
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and plastic properties over time by interacting with the guest or host molecules and reducing the 

available binding sites. However, a reduction in bead-to-bead interlinking and breaking apart of 

the packed gel was not seen during the course of this work while in culture media. While the 

work here presented a non-adhesive aggregate culture study, further development of the packed 

beads would be required to allow for the cell adhesion. This would require a fabrication method 

that incorporates binding sites without blocking the guest or host functionalities, which is 

especially difficult as βCD is non-selective in the guest molecule they will uptake. A co-polymer 

hydrogel could be one method to include adhesive sites without hindering the guest-host 

functionalization.  

Eventual work with this platform will look to apply it to further aggregate studies where the yield 

point could be varied while maintaining the same mechanical elasticity. In this way, the role that 

plastic deformation plays in tissue behaviour could be further explored independently of the 

ECMs elasticity. This would be key in understanding how a materials yield point affects aggregate 

growth but could also include its influence on cell migration, proliferation, tissue growth, and 

invasiveness. Maximum yield point limits for specific aggregate types could also be explored. 

More specifically, the yield point and plasticity could be studied for its role in disease and cancer 

progression, such as tumor metastasis. Additionally, while it is known that stem cell decision can 

be controlled through the elasticity of the ECM, this platform has the potential to study how 

plasticity of the ECM would contribute to these cell fate choices through the encapsulation of 

organoids in the presented packed granular gels. However, more advanced methods for imaging 

the encapsulated tissues and cells would be required as one of the largest drawbacks of this 

system is the poor resolution caused by the packed together granules. Techniques such as 

confocal imaging could prove useful.  

Applications for guest and host functionalized beads can go beyond a packed gel system. One 

potential use includes 3D printing of ECM scaffolds, where spatial control of bead mixing would 

allow for the creation of soft hydrogel structures. Alternatively, a 3D print-in-bath approach could 

be taken, where an extrusion needle prints one set of beads into a suspension bath of the other. 

The micromanipulation techniques used to explore reattachment of the gels could further be 

developed to allow these beads to be sensors of the guest-host binding strength. Where the 
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known speed of the manipulator and stiffness of the beads would allow for modeling of the forces 

required to separate the guest-host complexes.   
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8 Conclusions  

In this work, the tuning and development of a plastically deformable packed granular hydrogel 

platform was completed for application in cell cultures and tissue engineering. Successful 

fabrication of guest and host functionalized granule hydrogels was completed through a two-

phase vortex emulsion process. Control of the granule properties, which is size, stiffness, and 

levels of guest and host functionalization, was shown to be possible through adjustment of the 

pre-gel formulation and fabrication steps. Repeated guest-host binding was shown without any 

potential loss of adhesion due to repeated breaking of the complex. When packing the microgels 

together, tuning of their mechanical elasticity and yield point transition to the plastic region was 

successful through adjusting the granule properties. It was found that adjusting the granule size 

had an insignificant effect on the packed gel storage modulus and that decreasing bead size 

played a small role in decreasing the yield stress. Increasing the individual bead stiffness led to 

an increase in both the packed gels storage modulus and yield stress but was inversely related to 

the yield strain. Reducing the bead-to-bead interlinking, though reduction of Ad or βCD 

functionality showed both a reduction in the bulk gel storage modulus and its yield stress while 

maintaining the same yield strain.  

In cell studies, the guest and host functionalized beads showed no adverse effects towards cell 

behaviour or proliferation. High cell viability was maintained when compared to the control. The 

granular nature of the gel allowed for easy encapsulation of cells and aggregates. Application of 

the packed gel platform to T47D breast cancer aggregates showed growth for a range of 

stiffnesses and yield stresses, with a higher aggregate growth rate for lower measured storage 

moduli. Interestingly, aggregate invasion was observed in packed gels of beads with lower Ad 

functionalization, and in turn a lower yield stress, showing breaking of the bead-to-bead guest-

host interlinking and remodeling of the ECM due to increased stress applied from the growing 

aggregates.  

The proposed packed granular hydrogel platform lays the foundation for studying and 

understanding ECM plasticity and its relationship to tissue growth and behaviour. Further work 

will be required to characterize the limits of this biomaterial and explore its packed gel properties 
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for varying combinations of granule sizes, stiffnesses, and guest and host functionalization. The 

long-term stability of the system, as well as its tissue-level mechanical environment, could further 

be investigated. Development of this platform would allow for deeper insight into mechanical 

signaling in disease progression and for its role in stem cell fate decisions, providing a platform 

of low mechanical variability with control over both its elasticity and plasticity as an alternative 

to commonly used materials such as Matrigel. The unique behaviour of this granular biomaterial 

could also be applied elsewhere, such as 3D printing techniques for soft hydrogel scaffolds. 

Overall, this platform and its continued development and application is on the cusp of an 

emerging class of exciting granule-based biomaterials for tissue engineering.   
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10 Appendix 1: Supplementary Material 

10.1 Initial Ad and βCD concentration curves 

Initial curves were created to characterize the functionalization of PAAm beads with Ad or βCD. 

These curves helped inform later decisions of guest and host functionalization amounts by 

recognizing plateaus in normalized intensity. That is, an upper limit to PAAm bead 

functionalization were increasing the concentration of Ad-AAm or βCD-AAm in the pre-gel set up 

did not increase the functionality of the beads. It was seen between 2 and 4 mg/ml of Ad in the 

kerosene phase, and somewhere after 10 mg/ml to 24 mg/ml of βCD in the pre-gel.  

 

Figure 23: Initial fluorescent guest host functionalization curves for Ad and βCD.  
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