
UCLA
UCLA Electronic Theses and Dissertations

Title
A Novel Click-by-Click Preparation Strategy of In Situ Porous Hydrogels to Spatially Control 
Both Physical and Biochemical Signals

Permalink
https://escholarship.org/uc/item/3jv767wj

Author
Darling, Nicole Joanne

Publication Date
2018
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/3jv767wj
https://escholarship.org
http://www.cdlib.org/


 

UNIVERSITY OF CALIFORNIA 

Los Angeles 

 

 

 

 

A Novel Click-by-Click Preparation Strategy of In Situ Porous Hydrogels to Spatially Control 

Both Physical and Biochemical Signals 

 

A dissertation submitted in partial satisfaction of the  

requirements for the degree Doctor of Philosophy  

in Chemical Engineering 

 

by 

 

Nicole Joanne Darling 

 

 

2018 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Copyright by 

Nicole Joanne Darling 

2018



 ii 

ABSTRACT OF THE DISSERTATION 

 

A Novel Click-by-Click Preparation Strategy of In Situ Porous Hydrogels to Spatially Control 

Both Physical and Biochemical Signals  

by 

 

Nicole Joanne Darling 

Doctor of Philosophy in Chemical and Biomolecular Engineering 

University of California, Los Angeles, 2018 

Professor Harold G Monbouquette, Co-Chair 

Professor Tatiana Segura, Co-Chair 

 

The development of advanced functional biomaterials to interact with biological systems 

has a wide range of biomedical applications, from the delivery of bioactive molecules and cell 

adhesion mediators to mimicking living tissue to treat diseases. Integration of heterogenous cues 

within biomaterials can be used to stimulate tissue regeneration by recapturing the complexity of 

native tissue to direct cellular actions. Biomaterial scaffolds can be used as structural constructs, 

providing the cells with mechanical support, and as depots, providing cells with the biochemical 

signals necessary to stimulate growth and guide tissue regeneration. The presentation of physical 

and biochemical cues within the body is diverse and heterogeneous, and controlling the topography, 

mechanical strength, and the bound versus soluble presentation of growth factors within an 

engineered scaffold is key to further our understanding of how native tissue directs cellular 

processes in either the diseased or healthy states. However, hydrogel scaffolds where the physical 
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or chemical cues cannot be controlled are still used and engineered hydrogel platforms where these 

cues can be controlled have lost their injectability, rendering them unsuitable for some in vivo 

biomedical applications. A novel bottom-up approach to synthesizing nanoporous and 

macroporous hydrogel biomaterials to control physical and biochemical signals homogenously or 

heterogeneously while maintaining injectability was developed. First, a strategy to control the 

presentation of physical and biochemical cues was developed. In this approach, the selection of 

the polymeric backbone and how they were functionalized with reactive moieties was key to 

controlling the microstructure, mechanics, and protein presentation of the hydrogel scaffold. 

Although tuning the reaction speed of the thiol-maleimide Michael-type addition reaction altered 

the homogeneity of the hydrogel microstructure and thereby cell spreading, pivoting to the thiol-

norbornene radially mediated step growth reaction allowed for the necessary spatiotemporal 

control of these properties. The incorporation of heparin into the hyaluronic acid hydrogel platform 

allowed for the tuning of the bound and soluble protein presentation, release profile, and cellular 

response. Next, a strategy to control the physical and biochemical cues in an injectable hydrogel 

platform was developed by implementing the concept of annealing microgels in situ. Utilizing the 

inverse electron demand Diels-Alder tetrazine-norbornene click reaction to functionalize the 

microgels post-fabrication and anneal the microgels led to a highly versatile injectable platform 

were the bulk scaffold’s stiffness, strength and biochemical composition could be independently 

tuned from its building blocks. Finally, by controlling how the microgels were loaded into a 

syringe, the presentation of microgels were successfully layered in a single injection, in vitro and 

in vivo. Transitioning to heterogeneous biomaterials as a synthetic mimic to native tissue will allow 

us to evaluate how the presentation of cellular cues impacts tissue regeneration and ultimately 

improve the design approach.   
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I  Overview of dissertation and specific aims 

1.1 Motivation and objectives 

Biomaterials have been utilized in the treatment of wounds as they provide the necessary 

structural support and a platform through which various stimuli can be released in a controlled 

fashion.1,2  The leading diseases that impact adults in the US today include: strokes, cardiovascular 

disease, and diabetes.  Each of these diseases can cause ischemic tissue damage; biomaterials can 

be used to facilitate the revascularization of this tissue leading to improved wound healing.3  The 

two ways that biomaterials can be used to support wound healing are 1) providing the structural 

support that is lost due to the native extracellular matrix (ECM) damage and 2) providing the 

necessary biochemical signal to guide tissue regeneration.4   

There are two classifications of biomaterials that have been used, synthetic polymers and 

native tissue constructs.  Engineered ECM, a hydrogel, made up of synthetic polymers allows for 

higher control over the mechanical properties of the gel, as compared to hydrogels constructed 

from naturally derived ECM such as collagen, laminin, and fibronectin.5-7 In general, the field has 

classified these materials as either conductive or inductive.  Conductive materials provide all the 

structural components required to support the regrowth of tissue with the scaffold.  Inductive 

materials promote tissue regeneration through the use of biochemical signals within the scaffold 

platform.8  

A key component to the successes of an injectable or implantable scaffold is the scaffold’s 

ability to integrate with the surrounding environment and allow for the vascularization of the 

scaffold. A lack of revascularization can ultimately lead to the failure of the implant. Angiogenesis 

is the process through which this revascularization occurs so, when designing biomaterials one 

must also design a way to promote angiogenesis.9-12 Growth factors such as vascular endothelial 
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growth factor (VEGF) and platelet derived growth factor (PDGF) have been linked to the sprouting 

and maturation of the newly formed vasculature.13-16 

The introduction of macro-pores within the hydrogel scaffolds has been used to improve 

cellular infiltration and the scaffolds overall ability to integrate with the surrounding 

environment.17,18 However, most of the current techniques for the fabrication of porous 

biomaterials utilize nano fiber deposition, 3D printing, foaming techniques, or spherical templates 

and result in a pre-casted implantable gel.19-21 These scaffolds cannot be easily used in platforms 

where injectable materials are needed to allow for the implementation of minimally invasive 

surgeries, for example in the case of stroke treatments. There is still a need for the further 

development of injectable macroporous hydrogels that gel in situ to investigate the therapeutic 

impact of porous hydrogels across multiple disease platforms.17,22,23 

The presentation of biochemical signals such as growth factors has been shown to impact 

the cellular response.24,25 More specifically, the gradients of immobilized and soluble growth 

factors such as VEGF and PDGF have been shown to be critical in the development of a healthy 

vasculature.15,16,26,27 The ability to spatially control the haptotactic and chemotactic gradients 

within a 3D hydrogel provides researchers a tool to further characterize the mechanisms through 

which gradients stimulate migration. This characterization will allow for the more guided approach 

to the engineering of biomaterials within regenerative medicine. Currently photo-chemistry and 

microfluidics are the most widely used platforms to control the spatial gradients of bound and 

soluble biochemical signals within a hydrogel.28-32  These systems can be used to further 

investigate how dual gradients can impact angiogenesis. However, current techniques do not allow 

for the control of gradients within an injectable scaffold.  
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The current field of biomaterials lacks platforms to control the spatial and temporal 

presentation of cellular cues within a synthetic ECM. We aim to design a platform that can be used 

to study how to promote wound healing and tissue regeneration both in vitro and in vivo. We have 

hypothesized that in order to design a more cell instructive material the structure and presentation 

of physicochemical and biochemical signals must be controlled, spatially and temporally, to 

recapture the hierarchal complexity of native tissue. This hypothesis was tested by manipulating 

the porous architecture and introducing both bound and soluble gradients into the hydrogel. To 

achieve this, we have developed a way to manipulate the microstructure of nanoporous hydrogels 

in vitro and utilized the macroporous annealed particle (MAP) scaffold technique to evaluate the 

porous architecture in vivo were injectable hydrogel platforms are necessary.17 To further guide 

cell proliferation, migration and infiltration the spatio-temporal presentation of bound and soluble 

bioactive cues was manipulated within the platform by including heparin in the system.  

Native tissues and organs are complex organisms with hierarchical characteristics, in terms 

of structural architecture and biochemical signaling. Artificial tissues do not fully recapture this 

complexity but, they are used to provide the structural and instructive framework over which 

seeded or recruited cells can rebuild the final functional tissue. These artificial tissues can be used 

in the treatment of various diseases, such as strokes, chronic wounds, cardiac patches, cartilage 

repair, and bone regeneration.33 Engineered biomaterials have been recognized to play a pivotal 

role in the field of regenerative medicine, acting as a temporary biomimetic support, to maintain 

and control cellular viability and behavior, and as a drug delivery platform.  The number one reason 

for failure in such implants is due to the lack of integration with the surrounding tissue and the 

failure to vascularize.34 To optimize the success of a synthetic ECM hydrogel we must, 1) improve 

the scaffold’s ability to integrate with the surrounding environment and 2) control the presentation 
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of growth factors involved with angiogenesis to guide the revascularization of the scaffold. To 

maintain the hydrogels ability to be utilized in a variety of therapeutic applications, the inject-

ability of the “gel” must be maintained. 

1.2 Dissertation outline and specific aims 

Following this overview, chapter II provides a detailed background on injectable hydrogels 

relevant to the primary goals of this research, to advance the design of injectable biomaterials for 

wound repair. This chapter also expands on the current status and use of hydrogels as depots and 

scaffolds to support tissue regeneration through drug delivery and wound healing. 

 Chapters III, IV, V, and VI are original research performed to address the following aims 

of this dissertation: 

1.2.1 Aim 1 (Chapters III, IV, V, and V1): 

To design a platform to address how the physical properties of a scaffold, including 

topography and porosity, impact cell growth. This is accomplished by (1) designing a method to 

control the porosity, (2) determining how the scaffold architecture and chemistry impact the bulk 

properties of the scaffold, and (3) determining the bulk properties impact on cell growth. Chapter 

III evaluates how the topography and inconsistencies in the nanoporous architecture can impact 

the cell growth in a material. Chapters IV and V develop a new chemistry through which 

microbeads can be synthesized and annealed to create a MAP scaffold. This chemistry allows for 

the tuning of the mechanical properties in the building blocks (µbeads) and the bulk scaffold, 

jointly and independently, to investigate how µbead and/or bulk properties effect cell growth. 

Chapter VI develops porous/textured µbeads using crystal sublimation to evaluate how the 

topography and porosity affects the scaffold properties. 
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1.2.2 Aim 2 (Chapters IV and VII): 

To design a platform to control how the presentation of soluble and bound biochemical 

cues within a scaffold to evaluate the impact on cell growth. Accomplished in Chapter IV by 

incorporating covalently bound heparin to spatially control the bound and soluble presentation of 

growth factors such as PDGF-BB on the micro scale and in Chapter VII by developing a method 

to control the layering of µbeads to spatially control the macro scale presentation of biochemical 

cues. 

1.2.3 Aim 3 (Chapter V, VI, and VII): 

To evaluate the designed and characterized material platform’s ability to be used 

therapeutically. Chapter V and VI take the developed injectable hydrogel building blocks and 

evaluates the material’s therapeutic capacity in an ischemic stroke mouse model. Chapter VII 

demonstrates the platform’s therapeutic ability in a dermal angiogenesis mouse model, dermal 

wound healing mouse model, and ischemic stroke mouse model. 
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II In-situ Forming Injectable Hydrogels for Drug Delivery and 

Wound Repair 

2.1 Introduction 

Hydrogels have been utilized in regenerative applications for many decades because of 

their biocompatibility and similarity in structure to the native extracellular matrix. Initially, these 

materials were formed outside of the patient and implanted using invasive surgical techniques. 

However, advances in synthetic chemistry and materials science have now provided researchers 

with a library of techniques whereby hydrogel formation can occur in situ upon delivery through 

standard needles. This provides an avenue to minimally invasively deliver therapeutic payloads, 

fill complex tissue defects, and induce the regeneration of damaged portions of the body. In this 

chapter, we highlight these injectable therapeutic hydrogel biomaterials in the context of drug 

delivery and tissue regeneration for wound repair. 

2.1.1 Injectable Gels as Therapeutic Agents 

Hydrogels are highly-crosslinked, water swollen networks of hydrophilic polymers, which 

have been studied extensively over the past six decades and have demonstrated profound promise 

as bio-compatible materials in numerous therapeutic applications35. These materials can be derived 

from both natural and synthetic sources36. Naturally occurring polymers such as chitosan, alginate, 

hyaluronic acid (HA), collagen, and gelatin are inherently biodegradable and often come pre-

functionalized with integrin binding sites allowing for adhesion and coordinated cellular responses. 

Unfortunately, the utilization of these materials is limited due to significant batch-to-batch 

variability and potential immunogenicity within foreign hosts. In contrast, synthetic polymers such 

as poly(ethylene glycol) (PEG), polyacrylamide (PAM), poly(vinyl alcohol) (PVA), and 

poly(methyl methacrylate) (PMMA) are appealing due to their strong mechanical properties, 
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tailorable structure and low immunogenicity, but lack innate bio-functionality and must undergo 

significant post-processing in order to elicit desired responses in vivo. More complex, hydrogel 

systems have also been developed to circumvent the limitations presented through designing 

scaffolds from a single polymer backbone. These materials come in the form of either co-

polymers37, where multiple backbone groups are crosslinked together, or inter-penetrating 

networks (IPNs)38, where a polymer mesh is constructed from the binding of oligomer chains 

within an already assembled polymeric scaffold. In this manner, hydrogel materials may be 

precisely modified to highlight the optimal properties of each of their constituent components, 

resulting in an even greater degree of control towards regenerative outcomes. 

Historically, hydrogels were pre-formed and delivery of these materials to target sites in 

patients necessitated the use of highly invasive surgical procedures. However, influential work in 

the late 90’s demonstrated that hydrogel precursors could be injected through a standard syringe 

and crosslinked locally through transdermal light-induced photopolymerization39. Nowadays, 

minimally invasive delivery of hydrogels through injection has gained significant traction in the 

biomedical community. Injectable materials have several inherent advantages over their pre-

formed counterparts. In short, associated implantation procedures are lower cost, with patient 

discomfort significantly reduced after delivery, delicate therapeutic materials dissolved within the 

materials are shielded from injection associated shear forces40 and can be released with complex 

dynamics41, and lastly tissue regeneration is aided by the ability of these materials to mold into the 

shape of the injection cavity42, allowing for universal off the shelf treatment within any non-

standard geometry. Continued advances in our understanding of polymer chemistry have fostered 

the development of numerous biomaterials which can be injected as viscous liquids and 

subsequently solidified through variations in their local microenvironment (temperature43,44, pH44, 
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ion concentration44), application of an external stimulus (light45), or affinity based self-

organization in the case of peptides46,47 and other physically associating functional moieties48 

(Table 1). This diversity in injectable hydrogel technologies is critical for the recapitulation of 

complex extracellular environments, organization of cellular behavior, and adequate delivery of 

therapeutic small molecules. Successfully blending components from these systems will enable 

the development and optimization of novel therapeutic injectable hydrogels. 

Table 1: Examples of Materials used for drug delivery and tissue regeneration 

 

In this chapter, we seek to highlight advances in the design and development of injectable 

hydrogel materials towards application in skin and brain. We begin by giving a brief, high level 

overview of skin biology and explain how deviations in responses during the wound healing 
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cascade can lead to the formation chronic wounds. We then will go into a high level overview of 

brain ECM and the tissue response during a stroke. We next describe and motivate two frequent 

uses of injectable hydrogels as scaffolds for tissue regrowth and as depots for the release of small 

molecule or cellular therapeutics. Lastly, we devote the bulk of this review to a description of 

various injectable hydrogel systems and their wound healing applications. We start with the most 

basic systems derived from materials whose gelation is induced by simple environmental changes 

within the site of injection, and build towards newer systems such as guest-host mediated shear-

thinning hydrogels, cryogels, and microporous annealed particle gels. 

2.1.2 Rescuing Aberrant Skin Properties with Injectable Hydrogels  

The skin is a highly organized, multi-faceted organ which serves as the primary line of 

defense for the human body. At the most basic level of classification, skin can be broken down 

into three main layers, each with unique properties that prove critical to its physiology (Figure 1A). 

The outermost layer, the epidermis, is roughly 50 to 100 cell layers thick and is mainly composed 

of melanocytes and senescent keratinocytes which provide protection against pathogens, UV 

radiation and mechanical stresses through their production of melanin and keratin respectively49. 

The dermis sits below the epidermis and is comprised of a complex network of structural proteins 

and proteoglycans which impart mechanical integrity to the overall tissue. Additionally, the dermis 

plays host to many higher order structures (sebaceous and sweat glands, hair follicles, and arrector 

pili muscles) and processes (oxygen exchange, nerve signaling) which prove imperative in 

maintaining cellular nourishment, regulating temperature homeostasis and responding to external 

stimuli50,51. Lastly, the lowermost, subcutaneous layer of skin is mainly utilized as a depot for 

stored fat but also plays important roles by linking the more superficial layers to underlying muscle 

and bone50. 
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Figure 1. Skin biology and wound recovery. 

 (A) Skin is composed of three primary layers. The outermost layer, the epidermis, functions as a protective barrier and limits the 

interaction of underlying tissues with damaging pathogens, high energy UV radiation, and external forces. Below the epidermis, 

the dermis imparts mechanical integrity onto the tissue while facilitating higher order functions including oxygen exchange, 

temperature regulation, sweat production, nerve signaling, and hair growth. Finally, subcutaneous tissue serves as a depot for stored 

fats and anchors the more superficial layers of skin to underlying bone and muscle. (B) Upon injury, the skin progresses through a 

complex yet finely regulated wound healing response. Immediately following damage, platelets from the blood stream accumulate 

at the wound surface and form a fibrin clot which halts blood loss and simultaneously protects the injured area from foreign species. 

Macrophages and neutrophils are next recruited to the area and degrade pathogens to prime the area for recovery, while hypoxic 

signaling factors induce the formation of new vasculature.  The wound is then healed through successive iterations of cellular 

migration, ECM maturation, and myofibroblast driven epidermal closure. (C) When wounds become chronic the normal healing 

response is impaired and proper regeneration can take months or even years to occur. Chronicity is driven by an imbalance between 

the rates of immune cell mediated degradation and the regeneration of functional ECM. Injectable hydrogel biomaterials offer an 

attractive option for treating chronic wounds because of their inherent ability to fill the wound defect while mimicking natural 

ECM, both by providing a scaffold for tissue ingrowth and by controlling the availability of regenerative signaling molecules.  

 

Unsurprisingly, damage to the skin is fairly common. In most scenarios, regeneration is 

not difficult and takes place through a linear progression of overlapping events comprising initial 
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immune response, tissue remodeling, cellular proliferation and maturation52 (Figure 1B). 

Unfortunately, there are many instances where such coordinated response is not feasible. When 

damage is extensive and penetrates deep into the dermis or sub-dermal layers as observed in 2nd 

and 3rd degree burns much of the bulk tissue organization is lost and regenerative cues are either 

completely absent or deregulated resulting in the production of highly fibrotic scar tissue53. 

Similarly, metabolic deficiencies arising from common diseases such as diabetes or venous 

insufficiency can lead to hyperinflammatory states which degrade the extracellular matrix (ECM) 

and diminish the availability of signaling factors and their associated cell surface receptors in the 

wound bed54,55. These effects induce the transformation of many acute wounds into painful chronic 

ulcers which may take months or years to heal causing significantly reduced quality of life and 

potentially resulting in amputation if ignored or improperly treated56.  

Hydrogels offer the unique capability to serve as tissue templates, where critical 

components of non-damaged tissue are temporarily recovered within the site of injury until 

regeneration and re-regulation of the wounded area concludes (Figure 1C). Ideally, these materials 

would serve as single application treatments, whereby they sequester damaging reactive oxygen 

species (ROS), resupply necessary growth signals, provide an environment conducive to cellular 

attachment and proliferation and degrade at a time frame longer than that necessary for proper 

healing. Unfortunately, successful engineering of materials that exhibit all of these properties 

remains difficult. There are currently many skin substitutes available on the market for clinical use. 

However, many of these materials are formed from reconstituted ECMs and must undergo 

numerous processing steps in order to remain immunogenically inert when transferring from 

xenogeneic or allogeneic sources. Furthermore, once formed, these artificial skins are physically 

homogeneous simple structures which serve as protective barriers but do not allow for any higher 
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order skin processes to take place and are usually significantly undernourished due to decreased 

vascular permeability57. Newly developed synthetic and semi-synthetic hydrogels offer more 

control over the spatial variation in their physical properties and encapsulated cargo 

concentrations58 offering hope that more advanced products will soon reach the clinic, but even 

these materials still leave room for growth. Thus, the optimization of hydrogel design will rely 

heavily upon advances in basic science and our ability to replicate the complex dynamics of 

biological systems synthetically. 

2.1.3 Recovery damaged tissue Post-Stroke with Injectable Hydrogels 

The native brain is a highly organized interconnected network of neurons supported by 

ECM comprised mainly of lecticans, proteoglycans containing a lectin domain and a hyaluronic 

acid binding domain.59,60 The main objective of engineering brain tissue is to repair, replace, and 

regenerate tissue that is damaged in order to re-establish functional tissue. Cell loss following a 

stroke disrupts the connectivity of neurons which affects function, making a stroke the leading 

cause of long-term disability in the United States, 87% of strokes are ischemic strokes which are 

caused by an obstruction within a blood vessel.61 The activation of astrocytes and microglia or 

macrophages, which contributed to glial scar formation, can also be accompanied by acellular 

voids within the tissue providing a unique opportunity for the use of hydrogels.62 

Hydrogels can be used as a tissue template, acting as an artificial microenvironment to 

support neuron survival and regeneration. To date, intravenous thrombolysis (tPA) and stent-

retriever devices are the only approved medical therapies to treat a stroke. However, these 

approaches are only effective in the early stages of an acute stroke, leaving most patients without 

medical therapy.63,64 There are several mechanisms that come together to regenerate brain tissue, 

including: neuroprotection, formation of a cellular ECM for neural regeneration, expression of 
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growth factors, vascularization, and guided axonal outgrowth. Cell therapies used to replace lost 

neurons or prevent degeneration have shown success when transplanted outside of the stroke cavity. 

However, if one of these mechanisms falls short the neural network cannot re-establish. When 

delivering cells to the stroke cavity, where there are potentially acellular voids hydrogels can act 

as an artificial ECM to support neural regeneration among other mechanisms. 65-68  Unfortunately, 

successful engineering of materials that guides all these mechanisms remains difficult leaving 

room for growth. 

2.1.4 Cellular Scaffolding and Tissue Regeneration  

There are two main uses for hydrogels in wound healing therapies, hydrogels which 

function as scaffolds to impart mechanical stability on the surrounding environment and promote 

tissue ingrowth, and hydrogels that serve as drug delivery depots which can be engineered to 

exhibit complex release kinetics for their associated therapeutic payloads. Although these two 

concepts are not mutually exclusive, and proper wound therapies will utilize both of these systems, 

the design constraints and engineering considerations that must be made during development differ 

substantially enough to merit their separate classification.   

Hydrogel scaffolds are designed to provide a regenerative template or substrate onto which 

cells can adhere, proliferate and coordinate their responses to regenerate damaged tissues after 

injury (Figure 2B). These materials can either be delivered on their own69 or along with pre-

encapsulated cellular populations70. In the former scenario, viable cells from the surrounding tissue 

migrate into the material from the periphery and interact within the scaffold to reconstitute the 

desired tissue at the site of implantation. The latter system proceeds largely through the same 

mechanism, with the important distinction that delivered cells can interact with native cell 

populations and deliver cytokines or other therapeutic secretions to recapture aberrant biology71. 
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Figure 2 Key considerations for injectable hydrogel design. 

(A) Over the past several decades numerous chemistries and material processing techniques have been utilized for the production 

of injectable hydrogels. These materials can be delivered either as liquid precursors which are crosslinked into stable gels through 

environmental triggers at the site of injection or as deformable solids which can withstand injection shear forces and re-anneal in 

the wound bed. In-situ annealing triggers include temperature, pH, light intensity, and concentration of ionic species and enzymes. 

(B) Hydrogel scaffolds function as regenerative templates that provide a suitable substrate for cellular ingrowth while matching the 

physiochemical properties of the native ECM. Matching scaffold stiffness to the surrounding tissue and optimizing its rate of 

degradation ensures that infiltrating cells remain viable, maintain their desired phenotype, and coordinate their response over the 

entirety of the wound healing process. Scaffolds can also be functionalized to provide sites for cellular binding or protein adsorption, 

enabling spatial control over the density of seeded cells as well as the availability of cytokines and growth factors. (C) Injectable 

hydrogels can also be designed to serve as depots for the controlled release of therapeutic compounds. Here, the release profile of 

compounds can be controlled through parameters such as polymer mesh size, polymer affinity for the target molecule, or rates of 

polymer degradation. Additionally, therapeutic compounds can be covalently linked to the polymer mesh by cleavable anchoring 

groups for controlled release upon exposure to external signals.  

 

In general, these scaffolds take advantage of the structural similarity between the 

hydrophilic polymer meshes they are composed of and the natural extracellular substrates they are 

trying to replicate in order to aid regeneration wherever bulk tissue organization has been lost. 

Because the dynamics of cellular metabolism are regulated, to a large extent, by extra-cellular cues 

present in the local microenvironment, proper presentation and integration of these signals is 
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critical to achieving the large scale cellular coordination necessary for tissue homeostasis. These 

extracellular factors manifest in the form of soluble signaling molecules, cell-cell interactions and 

external forces transmitted through the ECM via bound integrin receptors72,73.  One commonly 

utilized method of forming polymer-cell interactions is through the functionalization of polymer 

backbones with RGD peptides (arginine-glycine-aspartic acid) which are derived from domains of 

well characterized integrin ligands and promote cell attachment74-76. RGD decoration enhances the 

efficiency with which regenerating tissues integrate with implanted biomaterials by providing 

localized sites of cellular integration, mediating foreign body inflammatory responses, and 

enhancing rates of vascularization. Newer systems allow patterning of designed materials with 

clustered RGD77 and enable temporal control over peptide presentation through activation from 

external stimuli78. Although these techniques will undoubtedly aid in the optimization of scaffolds 

by enabling the formation of cellular gradients throughout materials, they are limited by a reliance 

on a single well studied integrin binding sequence. Recent reports have demonstrated that 

preferential activation of specific integrin heterodimers have a tremendous impact on the resulting 

vascular morphology, with excessive activation of αVβ3 in particular, leading to endothelial sprout 

clumping and leaky blood vessels in vivo79. Therefore, to truly take advantage of integrin binding 

peptides a more complete knowledge of the relationship between engagement and subsequent 

variation in cellular phenotype must be developed. 

The degradation properties of hydrogels must also be considered whenever designing 

scaffolds for tissue regeneration. Because many injectable hydrogels form highly condensed 

structures with nanometer sized pores, micron scale proliferating cells are unable to infiltrate them 

without degrading the covalent bonds that hold them together. Thus, regeneration of wounded 

tissue requires the maintenance of a precise balance between the rates of tissue integration and 
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scaffold degradation. Slow material degradation often results in increased inflammatory responses 

and can promote fibrosis80. In contrast, materials that degrade too quickly provide insufficient 

scaffolding to maintain infiltration and bulk ordering of proliferating cells. To combat these 

limitations, several groups have reported methods to design injectable microporous scaffolds81,82 

which are able to accommodate tissue regeneration while retaining bulk stability. The widespread 

adoption of these systems will help alleviate design bottlenecks without sacrificing the tunability 

which allows scaffolds to meet the precise physiochemical requirements of the wound site. 

2.1.5 Hydrogel Depots for Localized Drug Delivery 

When treating diseases, drugs are often administered systemically, either orally through 

pills and tablets, or intravenously via injection. In many cases these delivery methods are 

suboptimal. Therapeutic molecules that are unstable in vivo due to susceptibility to enzymatic 

degradation or rapid clearance by the kidneys must be delivered at concentrations far higher than 

required for therapeutic effect83. Additionally, the interactions of delivered molecules at off-target 

sites may result in unanticipated adverse effects, potentially complicating the health of patients 

even further84.  

Hydrogels functioning as depots for the localized release of therapeutic molecules serve as 

attractive alternatives to many of the current systemic approaches (Figure 2C). Manipulations in 

parameters such as pore size, backbone charge, hydrophilicity or cross-link density directly impact 

the diffusion rates and solubility of molecules dispersed throughout the hydrogel matrix. Thus, 

injected hydrogel depots can serve as sites of localized drug delivery over many time scales for a 

wide variety of therapeutic factors. Furthermore, novel on-demand drug release depots are being 

designed for controlled release upon application of external stimuli such as ultrasound, magnetic 

fields, electrical impulses or light waves85. These depots function by partially degrading when 
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exposed to their associated stimuli and allow for tuning of release rates on a patient by patient 

basis after implantation. Self-healing on-demand depots have also been reported and add an 

additional level of control to drug delivery applications by re-annealing after the cessation of 

stimuli, ensuring that therapeutics are only released appreciably when a stimulus is applied86. 

Currently clinical use of hydrogel depots, is hindered by a reliance on intrinsic biological 

microenvironments for controlled release, where heterogeneity throughout the body and between 

individuals limits the efficacy of treatment approaches based on the location of implantation87. 

Elimination of this dependency through the design of “smart” materials for on-demand release will 

be necessary to make hydrogel drug release depots more pervasive in the clinic for applications 

ranging from tissue regeneration, to treatment of complex diseases and immunizations. 

2.2 Non-Covalent Hydrogels 

We begin our examination of injectable therapeutic hydrogels with materials formed from 

reversible non-covalent crosslinks. These comprise many physically annealed hydrogels, which 

form due to changes in temperature or solution pH, but also includes ionically crosslinked gels, as 

well as hydrogels formed from self-assembling peptides (Figure 2A). In general, the hydrogels 

covered in this category can be formed fully outside of the body due to the additive effects of 

relatively weak internal attractive interactions such as hydrogen bonding, dipole-dipole forces, and 

hydrophobic interactions, are temporarily degraded through shear forces during injection, and 

readily reform in situ at the injection site.  

2.2.1 Thermally Annealing Hydrogels 

The necessity for sustained function in a diverse set of biological environments requires 

that precise control over the in situ formation of injectable hydrogel biomaterials be mediated by 

environmental cues that are constant both throughout the body and among patients. Temperature, 
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is one such parameter, because it is both generally stable in vivo and can be readily controlled 

during ex vivo injection conditions. As a result, exploitation of temperature differentials to trigger 

sol-gel transitions of amphiphilic polymers has become commonplace in the field of biomaterial 

design since initial reports of the thermal properties of poly(N-isopropyl acrylamide) (PNIPAAM) 

first emerged in the 1960s88. Nowadays, a vast library of thermally triggered polymers, including, 

PNIPAAM, Pluronics, poly(vinyl ether) (PVE), poly(N,N-diethylacrylamide) (PDEAM), poly(N-

vinyl caprolactam) (PNVCa), and Poly(oligo(ethylene glycol) methyl ether metacrylate (PoEGMA) 

have been derived to form tissue engineering scaffolds, cell delivery vehicles, and drug release 

depots which omit the necessity of harsh reaction conditions found in many of their covalent 

counterparts43. Instead, these thermally annealed hydrogels, or thermogels, take advantage of a 

finely tuned balance between hydrophilic and hydrophobic groups of their backbone polymer to 

remain soluble in solution at room temperature, but collapse into micellular globules and self-

associate at physiological temperatures89,90 (Fig 3a). This transition, which occurs rapidly above 

the lower critical solution temperature (LCST), enables both rapid gelation upon injection, and 

uniform distribution of encapsulated cargo, making these materials excellent systems for a 

multitude of regenerative applications. 



 19 

 

Figure 3. Overview of non-covalent gelation mechanisms. 

Polymer backbones can be reversibly crosslinked into hydrogel networks through several methods that take advantage of interchain 

affinity. These crosslinking reactions include (A) self-organization of amphiphilic micelles at high temperature, (B) polymer 

bridging via multivalent ions, and (C) hierarchical self-assembly of short peptides. Source: Adapted with permission from Refs 

[47,91,92] 

 

Experimentally, thermogel drug release systems have been utilized for the sustained 

delivery of many molecules which exhibit particularly short half-lives in biological 

environments93-95. Their increased protective capabilities stem from the polarity based self-

association of polymer blocks and subsequent micellular reorganization which both isolates 

therapeutic payloads and limits interaction with external enzymes and ROS96. Furthermore, release 

profiles are readily tuned through modifications to polymer molecular weight, polarity, and weight 

fraction resulting in easily modifiable delivery rates. Of note, Ci et al. reported high therapeutic 

efficacy towards the inhibition of colon cancer tumors in rodents through the sustained release of 
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the topoisomerase inhibitor, irinotecan from poly(D,L-lactide-co-glycolide) (PLGA)/PEG triblock 

copolymers (PLGA-PEG-PLGA)91. Irinotecan, a well known anti-tumor drug suffered from high 

levels of inactivity when delivered through direct injection in its solubilized form due to a 

preferential to revert to its inactive carboxylate form at physiological pH. However, sustained 

delivery from PLGA-PEG-PLGA resulted in a five fold increase in the active lactone form of 

irinotecan throughout the entire two week release profile, alluding to the formation of a materials 

dependent bioprotective microenvironment. Similarly, Qiu et al. utilized PLGA-PEG-PLGA for 

the sustained delivery of platelet rich plasma (PRP) within full thickness rodent skin wounds97. 

Release of various growth factors from concentrated platelets allowed PRP to be utilized as an 

inexpensive cocktail of bioactive signals, resulting in more coordinated cellular response. In vitro, 

PLGA-PEG-PLGA PRP depots exhibited minimal cytotoxicity towards both fibroblasts and 

vascular endothelial cells and were able to maintain steady growth factor release over the course 

of two weeks, in stark contrast with un-encapsulated PRP which released over 90% of growth 

factors in the first 12 hours and had no detectable activity after four days.  

Aside from serving as the driving force behind thermogelation, the amphiphilic nature of 

many thermogels also broadens the range of therapeutic payloads with which they are compatible. 

The solubility of hydrophobic small molecules, which is often not appreciable in aqueous 

environments can be substantially improved through preferential associations with hydrophobic 

domains of the thermogel. Variations in the degree of interaction between material and dissolved 

therapeutic lead to changes in release profile and can be honed to extend delivery up to a time 

period of months98. As many FDA approved compounds are hydrophobic small molecules99, 

amphiphilic thermogelling materials may offer a bridge to the application of many underutilized 

compounds within the field of regenerative medicine. 
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Efforts to utilize thermogels as regenerative scaffolds for improved wound healing 

outcomes have also demonstrated promise in rodent models. Injection of these materials into 

wound beds allows for rapid gelation in complex geometry, reinforcing the damaged tissue, and 

in some cases resulting in hydrogels with micron sized pores that allow for the diffusion of 

nutrients and signaling factors to improve phenotypic outcomes of seeded cell populations100. Yun 

et al. examined the efficacy of one such thermogel in skin wound healing, by encapsulating 

fibroblasts within a 7.6 wt% PEG-poly(L-alanine) (PEG-PLA) hydrogel101. This material formed 

a relatively strong (600 Pa storage modulus) hydrogel and was able to host encapsulated fibroblasts, 

which exhibited a spherical morphology and aggregated to form 30-80 micron sized clusters. Cell 

proliferation as measured by CCK-8 demonstrated a tenfold increase in cell number over the course 

of three weeks alluding to the cytocompatibility of this material. Subsequent evaluation of collagen 

mRNA expression demonstrated elevated collagen III production at early time points as well as 

increased collagen I production throughout the study in comparison to fibroblasts cultured in a 

matrigel control. This response is more physiologically relevant, as formation of new tissues 

usually progresses through an initial deposition of a provisional ECM rich in collagen III which is 

subsequently replaced by a more mature collagen I dense matrix102. Lastly, comparison of the 

fibroblast seeded PEG-PLA with naked PEG-PLA and phosphate buffered saline (PBS) controls 

demonstrated a significantly increased rate of wound closure with formation of epithelium and 

granulation tissue at day 14 and fully filled epidermis decorated with hair follicles and sebaceous 

glands by day 21 in fibroblast PEG-PLA only. 

Several studies have also focused on soft tissue regeneration with thermogels containing 

adipose derived stem cells. Tan et al. demonstrated promising in vitro cell viability and migratory 

effects within NIPAAM grafted HA gels but observed limited infiltration in vivo five days after 
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subcutaneous dorsal injection in mice103. More recently, Kim et al. reported an adipose derived 

soluble ECM (sECM)/methylcellulose hybrid thermogel seeded with human adipose derived stem 

cells (hASCs) for the treatment of skin wounds104. Methylcellulose on its own displays 

thermogelling properties at elevated temperatures (40oC-60oC) stemming from hydrophobic 

interactions, but synergistic interactions with anionic groups on sECM was able to significantly 

lower the LCST for the composite material to promote gelation at body temperature. Live dead 

assays on seeded hASCs demonstrated material cytocompatibility in 6 wt% gels and subsequent 

material injection into full thickness rat wounds showed both uniform hASC distribution and 

significant infiltration by surrounding cell populations after 3 days. Thermogel cell depots again 

exhibited increased rates of wound closures relative to controls and resulted in minimal scar 

formation.  

Although these studies provide reason to be optimistic there are limitations which inhibit 

purely thermogelling materials from optimal behavior. Secondary effects such as variations in the 

pH or oxidative stress of the wound bed can lead to variability in therapeutic outcomes and should 

also be controlled for optimal biomaterial application105,106. Additionally, temperature gradients, 

especially for materials interfacing with the outer environment, may reduce tissue incorporation 

and physical properties across the treatment site. Therefore, thermogelling systems should not be 

considered a complete solution to impaired regenerative responses, but more of a stepping stone 

to a better understanding of material properties for improved therapeutic design. 

2.2.2 pH Dependent Gelation 

A second mechanism with which hydrogel gelation can be induced in situ is via pH 

mediated crosslinking. Here, the susceptibility to ionization of various pendant functional moieties 

is harnessed to generate attractive or repulsive forces between different segments of polymer 
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backbone, resulting in both reversible dynamic crosslinks and controllable release kinetics for drug 

delivery applications107. In chronic wounds, the local pH is highly variable and has been measured 

as low as 5.4108,109 and as high as 8.9109 depending on the location of the wound, degree of necrosis 

and local oxygen availability. This deviation enables pH inducible hydrogelation to be utilized as 

a potential treatment modality for skin associated malignancies. 

The library of polymers used to generate pH responsive hydrogels is broad. The ubiquity 

with which functional groups can be modified through oxidation or reduction implies that most 

polyacids, polybases and naturally occurring polymers can be utilized to form pH responsive 

hydrogels. Irrespective of the polymer backbone identity, charge-charge interactions between 

polymer and drug form favorable domains within these material that have proven advantageous 

for the modulation of release kinetics. Polymers that are tunable through separate mechanisms, 

such as the thermogels discussed above, can also be modified with pH responsive groups to provide 

an additional tuning parameter and may be used to trigger instantaneous transitions in shape, 

opening the door for pH actuated, smart hydrogel drug delivery110. The relatively weak interchain 

interactions of these hydrogels unfortunately limits their utility as tissue scaffolds. Thus, the 

creation of stable and injectable cell culture environments is often reliant on secondary reinforcing 

interactions which are either ionic111 or covalent112 in nature. Nevertheless, the buffer like 

properties provided through the hydrogen ion absorption effects of these materials are extremely 

useful for mitigating excessive deviations from homeostasis in chronic wound environments and 

are being broadly applied in many regenerative systems. Recently, Koehler et al. reported on the 

formation of a pH sensitive IPN formed from PEG-diacrylate (PEGDA), acrylic acid and alginate 

which could be used to improve healing outcomes in chronic injuries113. This material 

demonstrated high liquid uptake of up to 500% of the initial hydrogel mass at equilibrium, high 
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buffering capacity under basic conditions and increased cell migration rates in both 2D and 3D in 

vitro healing models. The optimization of such properties would allow for removal of excess 

wound exudate, reduction in pH deviation to recapture normal non-malignant biology, and rapid 

tissue closure, all desirable properties for the treatment of slow to heal wounds. Therefore, in spite 

of the reduced mechanical properties provided from these interactions, newly designed injectable 

hydrogels will need to be carefully tuned in their pH responsiveness to properly control and reverse 

chronicity. 

2.2.3 Ionically Crosslinked Materials 

Ionic crosslinks provide yet another method of reversible bond formation within hydrogel 

biomaterials. These systems take advantage of interactions between localized charges on the 

surface of polymer backbones and counterions present in solution to form salt bridges that 

intertwine normally linear macromolecules to form mechanically stable gels (Figure 3B). In 

general, ionic crosslinking agents can be divided into two classes, multivalent ions, and charge 

bearing small molecules114. Although the bonds formed by either of these classes of crosslinking 

agents are identical, their application can result in vastly different outcomes due to variation in 

diffusion rates, shielding effects of secondary ions in solution, and the dependence on pH and pKa 

of both the backbone polymer and small molecule cross linkers. 

 In general, the crosslink density of a hydrogel is an important parameter because it is easily 

manipulated and directly affects mechanical strength, material swelling, and diffusion rates of 

loaded therapeutic biomolecules. However, to date, precise control over the gelation kinetics of 

ionic systems has been difficult to achieve, and commonly used methods of gel formation such as 

dropwise addition of polymers to ionic solution result in highly heterogeneous materials with 

reduced mechanical stability, unconstrained degradation and limited cellular infiltration115. 
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Numerous efforts to control these parameters have been reported but often result in limited success. 

For example, Joddar et al. attempted to increase the strength and stiffness of CaCl2 crosslinked 

alginate hydrogels through the incorporation of carboxylic acid functionalized multi-walled carbon 

nanotubes (MWCNT)116. Although the MWCNT alginate gels showed promising results as a 

culture medium through increased ECM deposition and migration of seeded HeLa cells relative to 

alginate controls, observed variations in physical properties did not follow a well-defined trend 

and unexpectedly became more brittle when mixed with certain ratios of MWCNT. Similarly, 

efforts to control the release profiles of encapsulated vascular endothelial growth factor (VEGF) 

by varying the ionic ratio used to form alginate microparticles showed preliminary feasibility but 

alluded to numerous difficulties such as a preference for ions to bind specific monomer pairs, 

differences in the cytotoxicity of ionic cross linkers and an inability to vary release profiles by 

simply mixing ionic species in the crosslinking solution117. Therefore, there is still considerable 

room for improvement in terms of expanding the tunability and reproducibility of these ionic 

systems.  

Even with the difficulties in maintaining homogeneity, ionically crosslinked hydrogels 

have demonstrated preliminary success when utilized as therapeutic depots, both for the treatment 

of antibiotic resistant biofilms118 and the rapid regeneration or revascularization of damaged 

tissues119. Notably, Schmitt et al. demonstrated that ionically crosslinked hybrid alginate/0.1% 

PEG/0.1% HA gels could be used as injectable carriers for the delivery of autologous 

mesenchymal stem cells (MSCs) into wound sites post injury120. Upon optimization of gel 

formation this system showed numerous desirable properties including a gelation time of under 30 

minutes, adhesive tendencies towards an underlying collagen substrate, injectability through a 

standard needle and the ability to maintain viable MSCs for up to 6 weeks in vitro. Subsequent 
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analysis of cellular growth factor delivery from these scaffolds demonstrated that both VEGF and 

basic fibroblast growth factor (BFGF) continued to be released at appreciable levels over the entire 

6 week duration of the study. Because autologous stem cells are easily harvested and generate 

numerous vital growth factors on their own, optimized delivery vehicles have the potential to 

drastically improve regenerative outcomes without the exorbitant cost associated with repeated 

injections of intrinsically unstable recombinant proteins and therapeutic molecules or the safety 

concerns of gene transfer. 

 Ionic scaffolds have also been utilized extensively to probe the link between material 

properties and cellular phenotype.  It is now readily accepted that the mechanics of substrates 

impact the phenotype of cells cultured on them, and may induce changes in proliferation121, 

motility122 or differentiation123. For example, stem cells grown on stiffer substrates exhibit a 

tendency to preferentially differentiate into osteogenic lineages, whereas moderate elasticity leads 

to myogenic differentiation and softer substrates encourage differentiation towards neuronal or 

adipogenic cell types. Recently, efforts to elucidate the underlying pathways that govern these 

material-cell interactions have uncovered the importance of often overlooked mechanical 

parameters. In particular,  stress-relaxation, or the ability for a material to dissipate applied forces 

and relieve stresses over time has proved significant. Chaudhuri et al. were able to synthesize a 

range of alginate based ionic hydrogels with identical initial elastic moduli but different rates of 

stress relaxation (Figure 4A-B). Interestingly, they observed that stem cells grown on these 

substrates differentiated with varying efficiency124. In short, although substrate stiffness was still 

the predominant determinant of differentiation lineage, adipogenic differentiation and osteogenic 

differentiation were significantly increased on soft scaffolds with low rates of stress relaxation and 

stiff scaffolds with high rates of stress relaxation respectively (Figure 4C). Although the 
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mechanism underlying this effect is not fully understood researchers have demonstrated that the 

ability for cells to rearrange their surrounding environment plays a role. This scaffold 

rearrangement allows cells to cluster integrin binding ligands to activate intracellular signaling 

pathways and to spread and form complex networks that aide intercellular communication. As the 

bonds formed through ionic crosslinking are reversible, shear thinning behavior is an intrinsic 

behavior of these systems125. Numerous methods of tuning stress-relaxation in ionic systems have 

been reported, including through changes to the molecular weight of the backbone polymer, by 

utilizing a mixture of both covalent and ionic bonds92, and by incorporation of steric spacers. As 

the interplay between scaffold rearrangement and cellular phenotype becomes more understood, 

ionically crosslinked materials may prove particularly useful in the delivery of stem cells for 

regenerative applications. 
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Figure 4. Material rearrangement can induce changes to cellular phenotype. 

(A) Chaudhuri et al. synthesized ionically linked alginate hydrogels with identical elastic moduli but varying rates of stress 

relaxation by simultaneously modulating the molecular weight of crosslinked alginate and incorporating PEG spacers into the 

polymer backbone. (B) Fibroblasts encapsulated in rapidly stress relaxing hydrogels exhibited increased spreading due to their 

ability to dynamically rearrange the surrounding scaffold. (C) Interestingly, the rate of stress relaxation also influenced the 

efficiency with which cultured mesenchymal stem cells differentiated into different lineages. Here, stem cells grown on stiff 

substrates with high rates of stress relaxation had a tendency to mature towards an osteogenic phenotype, whereas stem cells grown 

on slowly relaxing soft substrates efficiently differentiated towards a more adipogenic phenotype. (D) Stress relaxing materials 

have also been designed using other chemistries. In one example Rodell et al. combined guest-host complexation with covalent 

crosslinking to form stiff stress relaxing hydrogels which showed promise as regenerative scaffolds for tissue engineering 

applications. The routine consideration of stress relaxation rates in hydrogel scaffolds may aid the design of new materials which 

provide a greater degree of control and uniformity in response for both pre-seeded and infiltrating cell populations. Source: Adapted 

with permission from Refs: [126] & [127]. 

 

2.2.4 Peptide Self Assembly  

Although polymeric biomaterials are widely used as tissue engineering constructs in the 

biomedical fields they are often plagued with issues such as the presence of undefined 

concentrations of impurities and batch-to-batch variation in composition within synthesized 

material products. Unexpected deviations in these properties may present confounding effects 

which limit the reproducibility of studies reliant upon their interactions with cultured cell 

populations. Self-assembling peptide based hydrogels comprise a class of materials that are 

commonly used as alternatives to polymer based systems.  

Derived from naturally occurring protein structural motifs, self-assembling peptides are 

short chains of amino acids with alternating domains of charge and polarity. When dissolved in 
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neutral solvents and physiological salt concentrations, these peptides interact via hydrogen 

bonding, ionic bonding, hydrophobic interactions or van der waals forces to spontaneously 

assemble into hierarchical nano-scale structures such as vesicles, particles, tubes and fibers46 

(Figure 3C). Materials derived from these assemblies have the additional advantage of being non-

toxic, non-immunogenic, non-thrombogenic, degradable, and easily metabolized as the 

degradation products are naturally occurring amino acids128. Of all the peptide nano-assemblies, 

nano-fibers are particularly useful for the design of tissue regenerative hydrogels. These fibers are 

on the same size scale as natural ECM fibers129, can be easily designed to mimic the stiffness of a 

wide range of soft tissues130, and can be further functionalized with the attachment of cellular 

interacting peptide domains or cytokines and growth factors131, allowing for the design of 

biologically relevant culture environments and improved control of proliferating cellular 

populations. For example, Bradshaw et al. report that functionalization of widely studied RADA16 

peptides (RADARADARADARADA) with a fibronectin attachment motif (RADA16-GG-RGDS) 

or a collagen type-1 derived motif (RADA16-GG-FPGERGVEGPGP) leads to significant changes 

in both proliferation and migration of cultured fibroblasts and keratinocytes relative to unmodified 

controls132. These findings indicate that spatial gradients in self-assembling peptide materials have 

the potential to induce diverse cell responses at various locations within a regenerative scaffold. 

Self-assembling peptides have also been utilized for the promotion of angiogenesis within 

regenerating tissues. Because supply of nutrients and dissolved gases at levels sufficient to 

promote long term survival of tissues is limited to a distance of 200 microns from the supplying 

vessel, sufficient vessel formation throughout reforming tissues has limited the efficacy of many 

therapeutic systems133. Wang et al. utilized a mixture of similar RADA16-I fibers functionalized 

with either a PRG peptide containing two RGD binding sequences or a previously engineered 
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peptide KLTWQELYQLKYKGI (KLT) (which interacts with VEGF receptor to induce activation 

of the VEGF dependent proliferation pathway) to form RADA hydrogels134. As expected 

RADA16-PRG fibers increased binding of human umbilical vein endothelial cells (HUVECs) at 

initial time points and RADA-16-KLT promoted the formation of capillary like structures through 

the arrangement of cultured endothelial cells after 1 day. Of note, these RADA based hydrogels 

were able to induce migration of endothelial cells from non-functionalized peptide regions, 

organize these cells into structures with vascular morphology, and sustain the developed 

vasculature without the use of any exogenously delivered growth factors alluding to the importance 

of permissive scaffolds for proper endothelial maturation. 

Efforts to utilize peptide based scaffolds for the regeneration of partial and full thickness 

skin wounds have also been successful both in vitro and in vivo. Schneider et al. utilized RADA 

fiber hydrogels for sustained delivery of epidermal growth factor (EGF), a molecule with a 

relatively short half-life to induce proliferation and migration of keratinocytes in a human skin 

equivalent (HSE) model135. Release from this depot was completely controlled by hydrogel 

degradation through proteolytic enzymes in the wound bed as observed through in vitro release 

assays, where 65.5% of total EGF was released after 48 hours in the wound bed, versus no 

measurable release in PBS over the same time frame. Regeneration rates of HSEs following 

incisional wounds were dramatically increased when treated with EGF gels showing ~60% closure 

after 48 hours in contrast to ~14% for control. In vivo, Meng et al. used RADA nano-fiber gels to 

treat a partial-thickness burn model in sprague-dawley rats136. Burns treated with RADA increased 

contraction at all time points in comparison to chitosan, poly-(DL)-lactic acid, collagen and sham 

wounds, and were unique in that they prevented formation of blisters at the wound site and halted 

early time point expansion of the wound area due to edema.  
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Although the RADA based nanofibers we have focused on above are among the most 

widely used self-assembling peptide systems for injectable hydrogel design, they are by no means 

the only option available. Simple short peptide derivatives such as fluorenylmethoxycarbonyl 

(Fmoc) have also been assembled into nanofibers137 and decorated with RGD peptides138 to form 

biocompatible scaffolds which uniquely present cell receptor ligands  from fiber surfaces to more 

accurately mimic important ECM interactions. The use of self-assembling peptides is a relatively 

recent development within the realm of injectable therapeutic hydrogels, hence their application is 

still in its infancy. As, we learn more about the structure-function relationships of proteins, 

increasingly advanced self-associating peptides will be engineered to generate a variety of 

structural motifs. Recent studies have demonstrated that recombinant protein structures139 or non-

native amino acids140 can be engineered to reinforce self-assembling materials, conjugate to 

therapeutic payloads, and elicit novel biological responses. These newer synthetic protein 

materials will aid in the development of more complex and efficacious hydrogels for regenerative 

medicine. 

2.3 Covalent Hydrogels  

Covalently bound hydrogels have also found widespread use in the field of regenerative 

medicine. Unlike the bonds which compose physically annealed hydrogels, covalent crosslinks are 

not inherently reversible and therefore usually result in sturdier, more mechanically stable 

materials. This increased stability allows covalent hydrogels to serve as more mechanically robust 

scaffolds than purely physical hydrogels and enables the physical matching of a wider array of 

tissue types. In the past, delivery of these materials relied upon highly invasive surgical procedures, 

but newer mechanisms of formation either through photo induced radical polymerization or 

delayed bonding via reactions with slow kinetics have enabled transfer to the site of interest 



 32 

through non-invasive injection (Figure 2A). Once delivered, the stronger binding forces prevent 

covalent gels from diluting with the surrounding fluids or diffusing from the injection site, leading 

to efficient and long-lasting incorporation of the material within native tissues. In this section and 

the one to follow, we hope to highlight some of the important properties of covalently formed 

hydrogels, first through light induced gelation approaches and subsequently through two 

component delayed crosslinking chemistries. 

2.3.1 Photocrosslinking 

Light induced hydrogel polymerization (belowFigure 5A) proceeds through a three-step 

radical chain growth reaction mechanism45. Initially, a solution of small molecule photoinitiators, 

and monomers is illuminated at specific wavelengths in order to excite and cleave specialized 

bonds within the photoinitiator molecules. This process leads to the creation of free radicals which 

subsequently attack and withdraw electrons from double bonds present within the backbone 

monomers and produce new radicals at the opposite ends of the attacked bonds. The new monomer 

radicals then progress through a period of propagation wherein they attack similar unsaturated 

groups in neighboring monomers and elongate into a macromolecular polymer chain. During the 

early stages of propagation, the concentration of unreacted monomers far exceeds the 

concentration of activated free radicals and the polymerization rate rapidly accelerates until 

reaching a maximum. Finally, however, the concentration of radical chains becomes significant 

and interactions between pairs of radical groups begins to dominate, leading to the quenching of 

both radicals and termination of polymer growth.  
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Figure 5. Application of light improves spatial control of hydrogel formation and drug release. 

(A) Polymers decorated with radical generating functional groups can form hydrogels in the presence of photoinitiators and 

appropriate wavelengths of light. (B,C) When combined with specialized projection techniques or photomasks these systems can 

be utilized to form complex 3-dimensional geometries or induce localized binding and release of therapeutic payloads. (D) De 

Forest and coworkers demonstrated the utility of such light mediated controlled release schemes by utilizing orthogonal 

photoactivated chemistries for the binding and subsequent release of full length proteins. Here hydrogels were pre-formed and 

decorated with photocaged alkoxyamine groups. When illuminated with UV light through patterned photomasks, photocages were 

selectively degraded. Subsequent addition of aldehyde functionalized proteins allowed spatial patterning of bioactive molecules. 

Introduction of o-nitrobenzyl esters into protein linkers allowed for subsequent photorelease upon exposure to similar UV 

irradiation. (E,F) To highlight this technology, multiphoton laser scanning lithography and photolithography demonstrated spatial 

control over photorelease of fluorescently tagged proteins in 3D and 2D respectively. Source: Adapted with permissions from Refs 

[141-144]. 

 

The benefits of photopolymerization are numerous. The rapid and specific nature of the 

reactions provides improved spatio-temporal control through the location and duration of applied 

light145. Heat generated over the course of polymerization is readily constrained through changes 

in light intensity, photoinitiator properties, or the application of light in intervals over the course 

of gelation146 which allows material compatibility with both cells and biomolecules that may 
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otherwise be rendered inactive due to local temperature extrema. The choice of photoinitiator, may 

also lead to variation in the final material properties and cytocompatibility of the hydrogel, 

although this design parameter is not as thoroughly characterized. A preliminary study by Mironi-

Harpaz et al. examined how variations in photoinitiator type, concentration, and light intensity 

affected the shear modulus, reaction rate, and cytotoxicity towards encapsulated cells of 

photogelling materials147. Although the authors were able to differentiate between several 

photoinitators, with Igracure-2959 and Igracure-184 performing better than their counterpart in 

both kinetic rate and cell viability assays, this study was limited in scope, and more data will need 

to be collected before photoinitiators can be selected for optimal performance a priori. Even so, 

several other reports have demonstrated that at low photoinitiator concentrations, 

photocrosslinking allows for encapsulation of many different cell types with minimal 

cytotoxicity148,149, but may result in altered gene expression due to the high prevalence of free 

radicals 150 implying that these chemistries are compatible with regenerative applications but 

should be assessed carefully prior to use as depots for cellular delivery. Finally, when utilized for 

in vivo applications, photogelling polymers can be injected as liquid precursors at the site of 

interest and cured in situ for a rapid and minimally invasive implantation. Even with these benefits 

however, it should be noted that many of the photoinitators currently relied upon are activated by 

light in the UV range, which can penetrate tissues deeply and damage the body. Widespread 

adoption of these materials for clinical wound healing and drug delivery applications will 

necessitate the design of efficient photoinitiator molecules which can be triggered at higher 

wavelength visible or infrared light sources. 

Recently there has been much focus on combining light induced hydrogel polymerization 

with innovative physical or chemical systems to design physiologically relevant and heterogeneous 
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tissue culture environments. Standard photolithography has been widely adopted to polymerize 

2D patterns through a photomask, enabling both the design of surface microarchitecture and 

establishing gradients of bioactive peptide sequences within the material substrate151. Only 

recently, have these technologies been extended to tackle the nontrivial task of patterning 

biomaterials in 3D to allow refined examination of small molecule diffusion effects, and cell-cell 

or cell-material interactions. Of note, Soman et al. were able to use a previously reported dynamic 

projection stereolithography system152 for the formation of complex three dimensional shapes 

within natural polymer hydrogels containing encapsulated populations of cells141 (Figure 5B). In 

this method, a digital mirror device is used to dynamically project a UV source onto a macromer 

solution in a well. The patterning of this projection is dictated by user defined CAD files, and are 

changeable over time. By dynamically shifting the polymer precursor well upwards as the mask is 

changed, complex 3D geometries can be formed within the polymerizing cell-seeded material and 

cellular dynamics can be studied within a wide variety of predefined shapes. 

Although these methods of geometrical modifications are interesting they are not easily 

applied to materials that will be injected into a patient post processing. Perhaps more relevant to 

actual injectable treatments are approaches to dynamically and reversibly attach or release small 

molecules and proteins from the scaffold itself153 (Figure 5C). For example, degradative 

approaches can be used for the on demand release of therapeutic molecules from localized depots 

or to locally rearrange hydrogel properties to direct cellular growth and migration154. Other 

approaches have been reported to allow the widespread functionalization of hydrogels with full 

length proteins that would otherwise be denatured from high intensity light exposure. For example, 

Mosiewicz et al. embedded proteins protected by a photodegradable cage within a hydrogel 

functionalized with a counter-reactive substrate in the presence of activated factor XIII155. Under 
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standard conditions this reactive system remained inert, but upon exposed to UV radiation the 

protective cage was degraded and the protein of interest was bound to the hydrogel through a factor 

XIII mediated coupling reaction. Although the scope of this study was limited to a few commonly 

used growth factors it can in theory be repurposed for the decoration of any desired protein within 

designed biomaterials. Extending the concept of protein patterning even further, studies by De 

Forest et al. resulted in a clever photochemical method of spatially controlling the ligation and 

release of proteins through UV exposure of a photocaged alkoxyamine hydrogel in the presence 

of o-nitrobenzyl ester modified proteins143 (Figure 5D-F). This reaction scheme allows for the 

three-dimensional patterning of multiple proteins at predictable concentrations and with 

micrometer level precision. The authors allude to the utility of this material in assaying 

biomolecule presentation in cell culture, but one can also envision how the knowledge obtained 

from these studies could inform the development of optimal protein ratios or release profiles for 

in vivo application. 

Efforts to utilize light induced hydrogel photopolymerization for epidermal regeneration 

and wound healing have also resulted in modest successes, but have for the most part been limited 

to a few commonly used natural polymer systems. In particular, work from Zhao et al. has 

demonstrated the efficacy of methacrylated gelatin (GelMA) based materials towards epidermal 

reconstruction156,157. These GelMA hydrogels provide significant variation in both mechanical 

properties and material stability through simple gelatin concentration variations in the pre-polymer 

solution. By optimizing these parameters, the authors were able to develop GelMA hydrogels that 

had similar moduli to natural epidermis, maintained the growth, proliferation and self-organization 

of keratinocytes, and degraded in a timespan of months, making them ideal candidates for 

regenerative scaffolds in chronic wounds. Follow up studies, showed that these materials were 
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compatible with widely used material processing techniques, such as electrospinning, and resulted 

in increased rates of wound closure in in vivo murine wound healing assays. Supporting work also 

showed that GelMA/HA-MA hydrogels loaded with adipose derived stem cells allow high levels 

of proliferation and vascularization, further highlighting their utility in wound healing144. However, 

widespread utilization of these materials in the clinic is again limited by the need for high intensity 

UV light with many photoinitator molecules, and new photoinitators will have to be designed 

before photogels can be used for many applications in vivo.  

2.3.2 Injectable Covalent Precursors 

The design of covalently linked hydrogels is not strictly dependent on the use of radically 

propagated photoinitiation reaction schemes. Rather, there are a host of biocompatible chemistries 

whose kinetics are slow enough to enable mixing ex-vivo, injection as a liquid precursor solution 

into the site of interest, and final solidification and annealing with the surrounding tissue 

environment. Of these systems, some of the best known reactions include acrylate 

homopolymerization158, Michael type addition159, oxime linkage160, and Schiff base 

polymerization161. For chemistries that require the use of free radicals, redox approaches can be 

utilized as a substitute for light with molecules such as ammonium persulfate (APS) and 

tetramethylethylenediamine (TEMED). Over the past decade, there has been much interest in a 

subset of these covalent precursor reactions, termed “click” reactions, within the field of material 

science. These click chemistries were designed on the premise that one could achieve a tremendous 

amount of synthetic mileage with relatively few reactions, provided that they were modular, 

orthogonal, proceeded under mild reaction conditions, had high yields of a single product, and 

required few back-end purification steps162. Common click reactions include strain promoted 

azide-alkyne cycloaddition163, diels-alder cycloaddition164, and nitrile oxide-norbornene 
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cycloadditions165, in addition to the Michael type thiol-ene additions159 , and oxime linkages160 

mentioned above. Initially, several of the reported click reactions relied upon the use of copper 

catalysts. However, these soon proved to be relatively cytotoxic and thus not compatible with 

applications in the presence of cells or tissues. This has prompted a whole branch of research into 

the development of copper free click reactions, to allow for biorthogonality and biocompatibility166. 

Regardless of the application, this library of chemistries provides the versatility and ubiquity 

needed for many drug delivery or wound healing applications. 

Delivery of small molecules from covalent gels is straightforward and can be accomplished 

by simply mixing the active ingredients with the hydrogel precursors prior to injection. This results 

in a uniform distribution of drug within the delivered polymer and is only limited by the solubility 

of the therapeutic ingredient. Zhang and colleagues, recently applied this technique to interrogate 

the importance of the master regulator HIF-1α within the wound healing cycle167 (Figure 6). HIF-

1α is one half of a hypoxically induced protein enhancer complex which plays a role in tuning the 

expression levels of hundreds of genes168 and was shown to be heavily under expressed in healing 

impaired strains of mice. In order to prolong the half-life of these proteins in vivo an 8-arm PEG 

cysteine/N-hydroxysuccinimde based hydrogel169 was formed for the sustained release of 1,4-

dihydrophenonthrolin-4-one-3-carboxylic acid (1,4-DPCA), a small molecule which inhibits the 

activity of degradative prolyl hydroxylases170 (Figure 6A). In vitro fibroblast culture with these 

gels indeed resulted in overexpression of HIF-1α. When injected into the back of the neck of 

regeneration inhibited, Swiss Webster mice HIF-1α expression was again recovered, and could be 

detected at high levels for a period of five days. The authors next wounded the ears of Swiss 

Webster mice and treated them with three hydrogel injections at five day intervals. Complete 

healing of these wounds was observed by day 35 in treated mice only (Figure 6C-D). Furthermore, 
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healing responses were readily reverted by delivery of HIF-1α specific siRNA, solidifying the 

importance of HIF-1α in tissue regeneration and demonstrating the potential utility of 1,4-DPCA 

loaded hydrogels as regenerative materials for hard to heal wounds. Before this technology can be 

adapted clinically, further studies will have to be done to evaluate the significance of HIF-1α in 

the regenerative response of other mammals as well as in other tissues. 

 

Figure 6. Sustained release of drugs from covalently bound hydrogel networks can aid wound repair. 

(A) Zhang and coworkers encapsulated 1,4-DPCA, a potent inhibitor of prolyl hydroxylases into an injectable hydrogel for 

sustained release in vivo. Inhibition of prolyl hydroxylases stabilizes HIF-1α, a central molecule in many regenerative processes, 

and allows for examination of its contribution to the wound healing process. (B) The drug eluted continuously from the material 

over the course of several days. (C) Mice were ear punched and treated with either gel alone (G0) or gel loaded with 2 mg/mL 1,4 

DPCA (Gd). At day 35, after three successive injections of gel, wound healing was visibly improved for Gd treated wounds over 

G0 controls. (D) Histological analysis of regenerating ear at day 35 showed more complete wound closure for Gd treated wounds 

along with a greater number of mesenchymal cells in the regenerating bridge when compared with G0 controls. Further analysis 

(not shown) demonstrated that HIF-1α blockage using siRNA reverted this regenerative improvement, supporting the hypothesis 

that upregulation of HIF-1α is sufficient to improve regenerative outcomes. Source: Adapted with permission from Ref [167]. 

 

Covalent precursors are also widely used to form injectable scaffolds. For example, Li and 

colleagues took advantage of Schiff-base crosslinking to form a scaffold from carboxymethyl 

chitosan and oxidized dextran that showed good cytocompatibility in vitro and enhanced 
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regeneration rates in vivo within rats with second degree burn wounds171. Through judicious 

choices in polymer backbone chemistry researchers have also demonstrated effectiveness in 

sequestering pro-inflammatory cytokines within scaffolds172, leaving the door open for the 

development of materials which can promote infiltration while simultaneously mitigating 

undesirable chemical signals in chronic wounds. In this light, Feng et al. reported on the formation 

of a combination Konjac glucomannan/heparin enzyme crosslinked scaffold for the localized 

activation of macrophages and sequestration of their released pro-angiogenic signals173. These gels 

formed in a matter of minutes after mixing with their activating enzyme, and preliminary 

evaluations in vitro confirmed their ability to bind proangiogenic growth factors VEGF, platelet 

derived growth factor-BB (PDGF-BB), and BFGF. Both suspended human monocytes and 

anchorage dependent murine machrophages adhered to this material rapidly and demonstrated 

upregulated production in proangiogenic signals. In vivo these gels again displayed higher levels 

of VEGF and PDGF sequestration than gels which were not crosslinked with heparin, and showed 

widely distributed vasculature after two weeks, a phenomenon that was absent from all control 

gels. By optimizing the design of such systems hydrogels have the potential to localize signals 

from the patient’s own wound environment to promote therapeutic outcomes without the need for 

exogenous factors. 

2.4 Hybrids  

Alongside the vast library of physically, ionically, and covalently crosslinked hydrogels 

described above, there are several hybrid design schemes, which are not as easily delineated into 

these categories. These hybrid hydrogels may combine traits from multiple crosslinking classes, 

or may be unique in that the injection of fully crosslinked gels or gel building blocks may be 

feasible. In the sections to follow we choose to highlight three of these hybrid systems, dual 
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crosslinked gels formed by guest-host interactions and reinforced with covalent bonds, cryogels, 

and microporous annealed particle hydrogels (Figure 2A).  

2.4.1 Physical-Covalent Hybrids 

 The use of synthetic hydrogels as regenerative biomaterials has often fallen short in 

clinical outcomes due to an inability to recapitulate the complexities inherently present within the 

natural ECM. Far from a static scaffold, the ECM provides a reciprocally dynamic 

microenvironment that both regulates cellular behavior through the release and sequestration of 

chemical signaling molecules and that is regulated through cellular mediated degradation and 

subsequent reorganization in response to physiological changes174. In contrast, many scaffolds are 

formed from relatively rigid non-biodegradable covalent crosslinks, resulting in almost purely 

elastic behavior. Although these systems provide the structural stability desired in regenerative 

applications, they often impede many desired cellular functions such as migration, proliferation 

and phenotypic transformations124,175,176.  In order to circumvent these limitations, physically 

associating guest-host interactions have been paired with common covalent cross-linking schemes 

to form dual physical-chemical hydrogels (Figure 4D). 

 Guest-host interactions form from the preferential association of polymer backbones 

functionalized with macrocyclic cavitand hosts, such as cyclodextrins177, crown ethers178, 

cucurbit[n]urils179, calix[n]arenes180, and pillar[n]arenes181, with smaller guest molecules which 

both match the size of the macrocyclic pocket and induce compatible electronic interactions. When 

thoroughly mixed these backbones reversibly self-assemble into hydrogel matrices which are both 

injectable and highly malleable under the forces exerted by infiltrating tissues. Moreover, the 

interactions between guest and host enable higher ordered structural assemblies to form within 

functionalized polymers simply by the progression towards thermodynamic equilibrium, and 
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endow these hydrogels with self-healing properties. Finally, the proportion of physical guest-host 

interactions to covalent cross links is easily varied, and can be utilized to match tissue mechanical 

properties while preventing material dissipation from the site of injection127. Presently the use of 

guest-host hydrogels is limited to mostly in vitro applications182. However, these materials carry 

tremendous potential for tissue regeneration, and may theoretically enable the development of a 

class of injectable scaffolds which can achieve a wide range of material properties while remaining 

deformable on a cellular scale.  

 Therapeutic delivery of molecules from guest-host materials is aided by the 

formation of inclusion complexes between host and payload. The quasi specificity of guest-host 

interactions implies that dissolved small molecules can also localize to the macrocyclic pocket, 

provided they have the right size and polarity to induce attractive interactions. This can both 

increase the solubility183 and prolong the availability of unstable drugs for in vivo applications184. 

These advantages can be exploited in physical-covalent hybrid hydrogels by utilizing host 

functional groups as both the crosslinking moiety and site of drug loading185. For example, Mateen 

and coworkers reported on a β-cyclodextrin (β-Cd/dextran hydrogel crosslinked through hydrazine 

bonds for the sustained release of dexamethasone186. In this work the authors achieved an over 30-

fold increase in dexamethasone loading simply through the addition of 11 wt% β-Cd over control 

gel, with only ~5% release over the course of a 20 day observation time frame. Of note, release 

profiles from these systems are no longer strictly governed by molecular diffusion through the 

porous hydrogel medium, but are also impacted by the binding constant between drug and host. 

Therefore, modulation of the functional group ratio in traditional guest-host gels impacts release 

rates much more so than in covalent guest-host hybrids, where the binding pocket is unperturbed 

during crosslink formation187. 
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 Exploration of the effectiveness of guest-host hybrids functioning as tissue 

engineering scaffolds is limited due to the general lack of in vivo data from these systems. However, 

several previously reported studies offer a glimpse that their use towards this end is at least feasible. 

One interesting proof of concept study from Highley et al. highlighted the compatibility of guest-

host hydrogels with 3D printing technology188. Here, HA based hydrogels functionalized with 

methacrylate, cyclodextrin, and adamantane were printed in complex 3D geometries within a 

support gel and subsequently exposed to UV radiation to induce formation of secondary covalent 

bonds. This process enables the formation of cell culture environments with physiologically 

relevant geometries, such as mock vasculature, which can be exposed to pressure driven shear 

flow, and provides a direct platform to establish physio-chemical gradients within the hydrogel 

itself. Additional works have also demonstrated the efficacy of these hybrid materials towards 

retention and incorporation within natural tissues127, as well as towards the infiltration and 

maintenance of native cellular populations189. Currently clinical adoption is limited due to 

incomplete knowledge of the degradation behavior, immune response, and toxicity profiles 

ascribed to these materials within the context of a biological host. However, with continued 

progress, it is only a matter of time before guest-host hybrid gels are widely adopted for use in in 

vivo studies and regenerative wound healing applications. 

2.4.2 Cryogels  

The materials discussed thus far have been injectable largely due to their liquid-like 

behavior under ex-vivo delivery conditions. In situ assemblies of this form are inherently adaptable 

and can be applied to many different biological environments through clever choices of polymer 

backbone, functional side chains and cross-linking chemistries. Unfortunately, the similarity in 

application between many of these systems also leaves them with the same limitations, namely 
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leakage into surrounding tissues from the injection site or dilution with body fluids prior to gelation, 

leading to impaired formation and inhibited structural control after delivery190.  

In recent years, injectable cryogels have gained significant traction as preformed 

alternatives to in situ gelling materials (Figure 7). These cryogels are sponge-like, microporous 

assemblies that can be delivered via injection even after gelation is complete due to an inherent 

capability to collapse to a fraction of their hydrated size82,191. Typically, these materials are formed 

by dissolving polymeric precursors and crosslinking initiators in water and freezing them at 

subzero temperatures. As these solutions freeze the dissolved solutes become concentrated in 

tightly confined non-frozen regions along grain boundaries where they can be incubated as 

polymerization takes place. Upon completion of the polymerization process, the material is heated 

to thaw the interspersed ice crystals and leaves behind fully formed hydrogels. 
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Figure 7. Cryogels form porous scaffolds with shape memory properties. 

(A) Cryogels are formed when polymeric precursors are mixed with radical initiators and subsequently frozen in aqueous solution. 

This process confines the dissolved solutes to grain boundaries surrounding frozen water crystals where polymerization takes places. 

After thawing, the material forms a sponge-like hydrogel. (B) Cryogels exhibit shape memory properties. The hydrated materials 

can collapse to a fraction of their size as they are injected through standard needles, but subsequently rapidly revert to their pre-

formed geometry after injection is complete. Cryogelation is easily adapted to form hydrogels of many different (C) sizes and (d) 

shapes. Source: Adapted with permission from Ref [82]. 

 

Cryogel materials have been successfully applied to a wide range of both cosmetic and 

regenerative therapies.  In one study, Cheng et al. demonstrated that cryogels synthesized from 

methacrylated HA (cryo-MA-HA) could be utilized as improved fillers for soft-tissue 

reconstruction due to their relatively high stability in vivo192. Pre-formed cryo-Me-HA gels 

injected subcutaneously in mice retained their shape for 30 days, remained situated at the injection 

site and demonstrated no adverse inflammatory effects over the course of the study. Additionally, 

skin-firmness, measured by durometer, showed no significant deviation between groups, 
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implicating the materials ability to recapitulate desired mechanical properties at the area of 

injection. Regenerative metrics, including increased levels of cellularization and angiogenesis 

were detected throughout the filler relative to viscous HA and MA-HA controls indicating that the 

highly interconnected microporous structure of the material was sufficient to facilitate proper 

transport of nutrients and dissolved gasses and promote tissue incorporation. Lastly, the increased 

size of these preformed materials mitigated the risks associated with embolism stemming from 

accidental entry of accumulated debris into the surrounding vasculature. Together this data 

highlights several beneficial properties of cryogels, namely retaining injectability of a preformed 

microporous and deformable material while preserving enough mechanical integrity to mimic the 

mechanical properties of native tissues. Thus, the development of cryogels for dermal filling 

applications may result in highly stable off the shelf materials which can obviate the need for re-

application in the form of sequential injections. 

The highly interconnected micro-porosity of cryogels allows cells to easily migrate 

throughout the materials, making them an ideal environment for cellular delivery. To examine, the 

efficacy of such systems in vivo, Zeng et al. synthesized a gelatin microcryogel (GM) and seeded 

the material with hASCs193. Evaluation of both differentiation markers and eluted small molecules 

after several days of culture revealed stark contrasts in cellular phenotype between cells seeded on 

GM and those grown on 2D substrate controls. hASCs grown within GM materials showed 

strongly upregulated expression of endothelial markers CD31, CD34 and HLA-DR while 

exhibiting inhibited expression for many osteogenic or adipogenic markers including RUNX2 and 

PPARγ even in the presence of induction medium. Additionally, secretion of regenerative growth 

factors such as VEGF, hepatocyte growth factor, BFGF, and PDGF showed higher expression at 

48 hours in GM. The developed cryo-scaffolds also served as a protective barrier for seeded cells 
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both by impeding absorption of cytotoxic solutes in the media and by buffering the shear forces of 

injection. During murine wound healing assays, GM hASC depots showed enhanced cell retention 

at the injection site as well as increased wound healing rates. In short, early application of cryogels 

towards wound healing are promising, but must be treated as preliminary until a wider base of 

literature provides support for these applications. Interestingly reports have also highlighted 

cryogels as a platform to modulate immune responses in vivo194,195. These findings give hope that 

cryogels may one day be engineered to form micro-niches that both accurately coordinate stem 

cell response and promote regenerative outcomes by tuning overactive immune responses in 

chronic wounds. 

2.4.3 Microporous Annealed Particle (MAP) Gels 

Successful reformation of damaged tissues using hydrogel scaffolds is highly dependent 

on the ability of surrounding cells to penetrate and proliferate throughout the implanted biomaterial. 

Most scaffolds have accommodated this necessity through the incorporation of biodegradable 

crosslinks, which allow for cellular infiltration via material deterioration even if the scaffold is 

initially impermeable to cells. Although these approaches can often be implemented adequately, 

they are not robustly applicable. If degradation occurs too quickly, insufficient scaffolding will 

remain to support tissue ingrowth and macroscale cellular order will be lost. Conversely, 

degradation rates that are too slow will hinder tissue development and may result in fibrotic 

encapsulation of the implanted material. The heterogeneity of biological microenvironments 

between individuals coupled with the wide array of deteriorative stressors that hydrogels encounter 

in vivo underscore the difficulty in designing these materials for a “one size fits all” approach to 

treatment. 
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Our lab has developed a novel class of injectable biomaterial scaffolds, microporous 

annealed particle (MAP) gels that decouples the need for material degradation for tissue 

integration81 (Figure 8). MAP gels are lattices of imperfectly annealed building blocks which form 

microporous networks that can be easily traversed by infiltrating cells. Generation of MAP 

building blocks occurs serially utilizing a microfluidic droplet generation device where two 

aqueous streams containing polymer backbone or cross-linker converge, mix thoroughly and are 

subsequently pinched into isolated droplets through the flow of a downstream oil phase. 

Synthesized droplets are subsequently collected, purified, and annealed into a microporous 

scaffold through secondary moieties present on the polymer backbone (Figure 8A). The reported 

system has the advantages of being both high throughput, with production rates of about 100 uL 

of pre-swollen microgel building blocks per hour in a single device, and readily customizable. To 

date MAP microgels have been synthesized from both PEG and HA backbones and have been 

annealed using a range of chemistries including, activated factor XIII mediated non-canonical 

amide linkages, light induced radical polymerization via Eosin Y, and through carbodiimide bonds 

from added PEG-NHS196.  
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Figure 8. Microporous annealed particle hydrogels decouple tissue integration from material degradation. 

(A) In the microporous annealed particle (MAP) gel system, microfluidically generated hydrogel beads are collected, washed and 

subsequently annealed via peptide functional groups present on their surface. This forms a microporous scaffold that allows cellular 

infiltration without degradation of the bonds that hold the material together. (B) Microgels are small enough to be injected through 

a standard syringe, and can conform to the shape of their injection cavity after annealing. (C) MAP hydrogels were evaluated for 

their effectiveness as regenerative scaffolds in a murine wound healing model, and demonstrated improved rates of wound closure 

versus no treatment, non-annealed microgels, and physically matched non-porous controls. Source: Adapted with permission from 

Ref [17]. 

 

Although MAP gels have demonstrated slight variations in both young’s modulus and pore 

size dependent on the annealing chemistry chosen, these fluctuations do not hinder their utility as 

tissue culture scaffolds. In vitro, suspensions of human dermal fibroblasts, hASCs, and bone 

marrow-derived mesenchymal stem cells each exhibited high cell viability (greater than 93%) 

when cultured within the MAP scaffold for 24 hours. Furthermore, seeded cells began exhibiting 

a spread morphology within the first 90 minutes of culture and extended to form complex 

interconnected networks as early as 2 days after incorporation. This is in stark contrast to both 
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physically and chemically matched non-porous controls which maintained cellular viability but 

did not allow the formation of an interconnected network.  

In vivo studies complemented these findings by showing significantly increased rates of 

wound closure (39% after 7 days) for MAP scaffolds injected into BALB/c mice when compared 

to no treatment (19%) and non-porous control (7%) (Figure 8C). Subsequent 

immunohistochemical analysis of treated wounds revealed large scale stratified morphology 

among cells expressing epithelial markers keratin-5, keratin-14, and CD49f above the implanted 

gel. Notably, the scaffold was able to support the formation of complex structures such as hair 

follicles, supporting sebaceous glands and well-developed vasculature, indicated by the collective 

migration of endothelial cells and supporting pericytes throughout the material. Although this 

technology has demonstrated significant improvements for the treatment of dermal wounds, MAP 

gel is still in its infancy. In the future our lab hopes to develop building blocks with different sizes, 

elastic moduli, and functional groups to form scaffolds with three dimensional patterns or gradients 

of bioactive molecules. Studying the effect that these three-dimensional patterns have on tissue 

regeneration in vivo may enable the development of next generation scaffolds that can interface 

with the body for predictable and tunable regenerative responses as well as improved clinical 

outcomes. 

2.5 Conclusion 

Although numerous injectable hydrogels have been developed for drug delivery and wound 

repair, our ability to synthetically replicate the complexities of the native ECM are still unrefined 

at best. Ultimately, in order to develop broadly applicable hydrogels we must accomplish three 

goals. First, three-dimensional patterning of gradients within hydrogels, both in terms of bioactive 

functional groups and scaffold material properties, will have to be easily achievable if we have 
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any hope of matching ECM variations between patients and among tissue types. Second, the 

presentation of integrins, growth factors, and small molecule drugs must occur in a dynamic but 

controllable manner such that coordinated cellular responses can be precisely induced with user 

control from the clinic. And lastly, materials must be synthesized which not only promote cellular 

adhesion, but which are also malleable enough to remain intact after considerable reorganization 

from infiltrating cellular populations. Here, we have highlighted many designs which begin to 

address these goals, however there is still much more work to be done.  

Currently, clinical availability is limited for all but the most simple systems due to high 

production costs and lengthy regulatory approval processes197. However, the field of hydrogel 

design is rapidly evolving and may eventually translate to a library of single dose, minimally 

invasive, regenerative products. One particularly striking advance was reported by Brudno and 

coworkers, who demonstrated that an implanted drug delivery depot could regenerate its 

therapeutic payload after exhaustion simply through subsequent intravenous injection of the active 

molecule conjugated to oligonucleotide docking strands198. Such breakthroughs highlight how 

injectable hydrogels may eventually work synergistically with current clinical practice, to 

eliminate shortcomings, such as short half-lives or inefficient delivery to target sites in the case of 

multiple injections. As the burden of chronic wounds and long-term disability due to stroke injury 

are felt most heavily among the elderly population, the demand for such injectable skin substitutes, 

scaffolds and drug delivery vehicles will only grow alongside the average life expectancy. Thus, 

injectable hydrogel biomaterials are primed to make a lasting impact on regenerative medicine for 

many years to come. 
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III Controlling the Kinetics of Thiol-Maleimide Michael-type 

Addition Gelation Kinetics for the Generation of 

Homogenous Poly(Ethylene Glycol) Hydrogels 

3.1 Introduction 

The development of synthetic hydrogels analogs for the extracellular matrix has proven a 

useful and important tool to study the role of specific signals on biological outcomes in vitro and 

to serve as scaffolds for tissue repair. Although the importance of physical properties (e.g. 

microstructure and stiffness) in the micro and nano scale on cell fate has been widely reported, 

bulk modulus measurements are typically used to characterize hydrogels. Thus, the physical 

properties of hydrogels have not been widely tested for their controlled physical properties in the 

nano and micron scales. In this chapter, we show that although fast Michael-type addition 

crosslinked hydrogels appear uniform by bulk modulus readings and visual inspection, they are 

non-uniform in the micron scale, with high and low crosslinking regions. Further, we show that 

these regions of high and low crosslinking result in differences in cellular behavior. Since these 

regions are random in density and shape, this leads to misleading cellular responses. These 

inconsistences are most widely observed when the gel forms faster than the material can be mixed. 

This study slows the gelation rate of thiol-maleimide cross-linked hydrogels in order to overcome 

the cellular response variability between batches. 
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Figure 9. Effects of insufficient mixing before gelation. 

 

The development of poly(ethylene glycol) (PEG)-based synthetic hydrogels as an analog 

extracellular matrix for cell culture in vitro and tissue regeneration in vivo has been widely used 

and accepted.200-203 During the last decade the importance of physical properties such as, 

mechanical stiffness and topography of the cellular environment have been recognized to impact 

the cellular behavior and differentiation.7,204,205 Thus, to effectively study the cellular response to 

the material each input parameter must be controllable and well defined. In the present study, we 

report the importance of balancing the gelation rate with the mixing rate for obtaining repeatable 

hydrogel microstructures within the widely used Michael-type addition hydrogels. We find that 

fast gelation kinetics lead to inefficient mixing, heterogeneous gelation, and inconsistent cell 

responses to the hydrogel. In particular, the fast gelation kinetics of the thiol-maleimide reaction 

lead to areas of low or high crosslinking that cannot be controlled unless the pH is changed to 

incompatible ranges. We further report on different approaches to slow down the thiol-maleimide 

reaction kinetics through reducing the reactivity of the thiol to result in controllable gel 

microstructure and cellular behavior.  
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Topographical and mechanical cues are strong cellular activators that can override 

biochemical cues.206,207 Thus, synthetic microenvironments aiming to generate extracellular matrix 

mimics must be able to control the topographical and mechanical cues throughout the material. In 

situ forming Michael-type addition hydrogels are typically regarded as a homogenous polymer 

network environment; however, in these types of hydrogels functional groups begin crosslinking 

immediately upon mixing (nothing is preventing the addition reaction from taking place), 

generating micro domains within the gels. These domains become more prominent as the reaction 

speed becomes greater than the mixing speed.  This is a key point that has largely been ignored as 

the gels are assumed to be homogeneous because their bulk properties are consistent from 

experiment to experiment and the gel macrostructure (upon visual inspection) is uniform. Herein, 

we focused on demonstrating the inconsistency of fast Michael-type addition gelation and 

improving microstructure homogeneity of thiol-maleimide Michael-type addition reaction 

hydrogels by slowing the gelation kinetics of the 8-arm and 4-arm PEG-maleimide (PEG-8Mal 

and PEG-4Mal) hydrogels to allow for better mixing of the macromers before percolation occurs. 

The microstructure was compared to the fully mixed 4-arm PEG-vinylsulfone (PEG-4VS) 

hydrogel, a slower Michael-type addition gelation, and 8-arm PEG-Norbornene (PEG-8N) step-

growth polymerized hydrogel, which is completely homogeneous, since it can be fully mixed 

before initializing the reaction with light. Ultimately, the thiol containing peptide fragment off 

either end of the bi-functional-protease-cleavable degradable linker peptide (Ac-GXCXX-

GPQGIWGQ-XXCXG-NH2) (MMPXCXX) was systematically optimized for the thiolate addition 

to the maleimide π-bond through the modulation of its pKa. 

At the time that this chapter was written, and this work was being performed, PEG-4Mal 

was being reportedly used to form hydrogel for a variety of applications. We had set out to use 
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PEG-4Mal hydrogels to pattern biochemical cues using the hybrid photopatterned enzymatic 

reaction (HyPER) platform which used a transglutaminase reaction to link a Q peptide to a photo-

depretected K peptide.142 While evaluating the cell response to the biochemical patterns we 

observed that cells spreading was varied throughout the hydrogel but this varied response did not 

align with the pattern. Diving into the question of why we unfolded the findings of this chapter 

and designed a method to control the microstructure within the PEG-4Mal hydrogel.  

3.2 Materials and Methods: 

3.2.1 PEG Hydrogel Formation 

The PEG-8Mal (40kDa), PEG-4Mal (20kDa), and PEG-4VS (20kDa) macromers were 

obtained from JenKem Technology USA. PEG-8N was synthesized as previously reported.208 

PEG-8Mal, PEG-4Mal, and PEG-4VS hydrogels were formed in two steps. First, the thiol-

containing adhesive peptide, GCGYGRGDSPG (RGD), was reacted with the maleimide or 

vinylsulfone functionalized PEG-8Mal, PEG-4Mal, or PEG-4VS at a concentration of 1 mM in 

100 mM HEPES pH 7.4 for 10 minutes (0.3 M TEOA pH 8.2 for 30 minutes for PEG-4VS only) 

and then diluted in extra buffer.201 Meanwhile, the di-thiol-containing linker peptide was reacted 

with 0.005 mM alexa fluor 350/555 maleimide (Life Technologies) to form MMPXCXX solution. 

The solutions were combined with care, to maintain the final thiol to maleimide molar ratio of 

each gel condition and the final concentrations specified in Table 2. Throughout all the 

experiments the macromere solution, three-fifths of the final gel volume was pipetted between two 

sigma-coated glass slides, clamped together and separated by two 2mm spacers, or into a 4mm in 

diameter polydimethylsiloxane (PDMS) (Sylgard 184 Silicone Kit, Ellsworth Adhesives) well 

plasma bonded onto a Corning microscope glass slide (Fisher Scientific). The MMPXCXX solution 

consisting of two-fifths of the final gel volume was then mixed with the macromere solution, 
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pipetting up-and-down until the solutions viscosity rendered the blow-out piston insufficient for 

pipetting the bulk solution. The injection, mixing and gelation was recorded with the Sandisk 

Extreme Pro camera (Bel Air Camera) over a UV lamp box. 

Table 2. PEG gel conditions. 

Macromolecular monomer compositions for the preparation of RGDS functionalized gels and used to study the gelation speed that 

are achieved by varying the linker peptide sequence (XCXX), Thiol:Mal ratio and ZnCl2 concentration.  PEG monomer molecular 

weight and the functional group stoichiometry. PEG-8Mal denotes 40kDa 8-arm PEG-maleimide, the main monomer used 

throughout the course of the study for gel formation. PEG-4Mal and PEG-8N denote 20kDa 4-arm PEG-maleimide and 40kDa 8-

arm PEG-norbornene, monomers used for comparison gel formation. 

 

3.2.2 pKa Determination 

The pKa of the MMPXCXX thiol containing tag sequences (XCXX), Ac-GCRDG-NH¬2 

(CRD), Ac-GDCDDG-NH2 (DCDD), Ac-GECEEG-NH2 (ECEE) (Genscript, Piscataway, NJ) 

was determined as previously described.209 Briefly, 0.01M sodium acetate, potassium phosphate, 

tris base, or sodium tetraborate decahydrate was added to 0.1M NaCl to create various pH buffers.  

Aliquots with 0.15 μmol of lyophilized thiol-containing peptides, were dissolved in 1500 μL of 
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pH buffers ranging from pH 4 to pH 12 for a final concentration of 0.1mM.  The absorbance at 

240 nm of the thiolates in each aliquot was measured in a NanoDrop 2000c spectrophotometer 

(NanoDrop Technologies Inc., Wilmington, DE). The absorbance of the thiolate was plotted versus 

pH and fitted to an adjusted Henderson-Hasselbalch equation where the pKa was indicated by the 

point of inflection of the graph. 

3.2.3 Zinc IC50 Assay 

To analyze the toxic effects of zinc chloride on human dermal fibroblasts (HDF) the cell 

viability was evaluated according to the CellTiter 96® Aqueous Non-Radioactive Cell 

Proliferation Assay protocol. Briefly, 5000 cells per well were plated in a 96-well plate and 24 

hours later the media was exchanged with media containing 10 different concentrations of zinc 

chloride (obtained from even volume serial dilution of 16 mM zinc chloride down to 0 mM). Four 

hours later the media was exchanged for 190 µl fresh media and 20 µl of the combined MTS/PMS 

solution was added to each well.  The plate was incubated for 4 hours at 37°C in a humidified, 5% 

CO2 chamber and the absorbance at 490 nm was read using a plate reader and phase images were 

acquired using the Carl Zeiss fluorescent microscope with a 20x air objective. The absorbance 

readings were fit to an exponential decay line where the point of inflection represents the IC50 

concentration of zinc chloride. All conditions were in triplicate. 

3.2.4 Cell Encapsulation 

Human dermal fibroblasts (HDF) cells were encapsulated at a concentration of 3000 

cells/μL into PEG-8Mal or PEG-8Norb hydrogels with 1 mM RGD, cross-linked MMPXCXX*555 

and cultured in DMEM + 5% fetal bovine serum + 1% penicillin/streptomycin. The media was 

refreshed every 3 days post-encapsulation and a set of gels were fixed at day 4, 7, 14, 21, and 28 

with 4% paraformaldehyde (Fisher Scientific) for 30 minutes at room temperature after rinsing 
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with 1xPBS. The hydrogels were stained with alexa fluor 488 phalloidin (Invitrogen) and DAPI 

or ToPro3 and then visualized on a Nikon-C1 laser scanning confocal microscope with a 20x air 

objective. Three-dimensional z-stack projection renderings are of a 100μm thick portion of each 

gel. 

3.2.5 PEG Norbornene Synthesis and Gel Formation 

For PEG-8Norb, the hydroxyl groups off the 8-arm PEG (40kDa, Nektar Therapeutics) 

were functionalized with norbornene acid (Fisher Scientific) as previously described by Fairbanks 

et al.208,210 Briefly, the reaction was carried out under anhydrous conditions in the organic solvent 

dichloromethane (DCM), where a PEG solution was added drop-wise to a stirred solution of N,N’-

dicyclohexylcarbodiimide (DCC) and norbornene acid, and allowed to react overnight at room 

temperature. The solution was then precipitated in ice-cold ethyl ether, filtered, and re-dissolved 

in chloroform and subsequently washed with a glycine buffer and brine before being precipitated 

in ice-cold ethyl ether and filtered again. The filtered PEG was then placed in a vacuum chamber 

to remove excess ether. The success of the hydroxyl group conversion to norbornene was 

confirmed using 1H-NMR to be greater than 95% as previously described.210,211 PEG-8N 

hydrogels were formed using visible light photo-polymerized. The mechanical properties of the 

PEG-8N hydrogels were adjusted to match that of the PEG-8Mal hydrogels through the 

manipution of the backbone concentration and cross-linking ratio (thiol to –ene).210 A 1 mM PEG-

8N solution in 1xPBS was combined with 1 mM RGD, 6 mM MMPCRD (resulting in a thiol to -

ene ratio of 3:4 before the incorporation of RGD) and 0.1 mM Eosin-Y (photo-initiator) to make 

up the PEG-8N gel solution. The PEG-8N gel solution was subsequently exposed to visible light, 

λ510 nm, for 4 minutes to for a gel using the V-LUX 1000 (Volpi) visible light source which produces 
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a maximum intensity of ~40 mW/cm2 of light when using a 510 ± 42 nm bandpass filter (Edmund 

Optics).212 

3.2.6 Rheological Testing 

For rheology of the swollen networks the storage and loss modulus (G’ and G”, 

respectively) of swollen gels were obtained in strain oscillatory shear. Three gels for each 

condition were prepared and allowed to swell overnight in 1xPBS. The linear viscoelastic regime 

was determined through amplitude sweep (0.1% to 100% at 6 rad*s-1) followed by a frequency 

sweep (0.01 to 10 rad*s-1 at 40% strain) used to determine G’ and G”.  

3.2.7 Swelling Ratio and Cross-linking Density:  

Three gels for each condition were prepared and allowed to swell overnight in 1xPBS. The swollen 

mass (Ms) was recorded after removing excess liquid with a kim-wipe, immediately flowing the 

sample was flash frozen with liquid nitrogen, lyophilized and weighed to get the dry polymer mass 

(Md). The swelling ratio, Q, was then determined by  

𝑄 = 1 +
𝝆𝒑

𝝆𝒔
(𝑴𝒔

𝑴𝒅
−𝟏)           

Equation 1 

where ρp, and ρs correspond to the polymer density (1.128 mg/mm3) and the solvent density (0.995 

mg/mm3), respectively. 

The cross-linking density (ρx) was characterized by the rubber elasticity theory 

𝜌𝑥 =
𝐺𝑄

1
3

𝑅𝑇
           

Equation 2 

where G is the shear modulus (G’+G”) characterized with a parallel plate rheometer of the swollen 

network. 
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3.3 Results and Discussion: 

PEG-Mal hydrogels were formed through the rapid propagation of the thiolate onto the 

vinyl ring of the maleimide and the sequential chain-transfer of the hydrogen (Figure 10A).211,213-

216 To illustrate the bulk gel properties and the microdomain generation in Michael-type addition 

hydrogels, we used PEG-8Mal and PEG-4Mal macromere and the widely used degradable linker 

peptide (Ac-GCRD-GPQGIWGQ-DRCG-NH2) (MMPCRD). Gels were formed through the rapid 

mixing of the PEG-Mal macromere and MMPCRD at pH of 7.4 in HEPES buffer. Visualization of 

the gel microstructure was achieved through using fluorescently labeled crosslinker (Alexa350) 

during gelation. Though bulk rheological properties (Figure 10B) and visual inspection (Figure 

10C) of the entire 4 mm gel showed consistent mechanical properties and a homogeneous gel, 

visualization via confocal microscopy of the same 4 mm gel showed heterogeneous gelation 

(Figure 10D). The hydrogels were highly heterogeneous containing pockets of uncrosslinked space 

or very loosely crossklinked space (low fluorescence space) surrounded by areas of highly 

crosslinked gel (highly fluorescent space, Figure 10D). This is despite the fact that the PEG-Mal 

and MMPCRD precursor solutions were carefully pH to 7.4 and mixed as quickly as possible. These 

low crosslinked pockets occurred at different locations and densities in a manner not predictable 

from experiment to experiment.  
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Figure 10. PEG-Mal/MMPCRD gelation speeds effect on hydrogel microstructure verse macrostructure.  

A) Schematic of maleimide/thiol base-catalyzed Michael-type reaction governed by the propagation rate constant (kP) and chain 

transfer rate constant (kCT). B) Bulk rheology of the CRD hydrogel demonstrating stable bulk modulus readings. Visualization of 

C) PEG-8Mal and PEG-4Mal CRD hydrogels once removed from the UV light source after gelation, D) MMPCRD-Alexa 555 

distribution, rainbow false colored so red indicates high MMPCRD concentration, within the CRD hydrogel after gelation, and E) 

MMPCRD-Alexa 350 distribution during gelation, light blue indicates high MMPCRD concentration. Microstructures effect on HDF’s 

response to the hydrogel. F) CRD hydrogels with HDF imaged at day 4 to inspect the cellular response to MMPCRD distribution. 

Mixing effect on hydrogel microstructure shown by the well mixed PEG-8N. G) Pixel intensity distribution of the CRD, PEG-4VS 

and PEG-8N hydrogels and the visualization of the MMPCRD-Alexa 555 distribution within the PEG-4VS and PEG-8N hydrogel 

after gelation.  Variable cellular response within the same gel. H) Distribution of HDF spreading within one CRD hydrogel at day 

4 (N = 40). Statistics of HDF spreading within one CRD hydrogel in two different locations and the corresponding image of HDF 

spreading and the MMPCRD distribution. Normalized F-actin area calculated by normalizing the F-actin positive area to nucleus 

positive area.. The white dashed lines indicate the intensity values being plotted. GEL represents the point when the solution could 
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no longer be mixed.  Each gel was made in accordance with Table 2. F test to compare variance (Fcrit = 1.00). Unpaired t test and 

Tukey’s multiple comparison test (P < 0.05). Scale bars of entire gel are 1 mm. Scale bars within the gel are 100 µm. Unless 

specified otherwise (N = 3). 

In order to investigate further how the regions of high and low crosslinking are generated, 

we recorded the gelation of the hydrogel. The PEG-Mal solution was first injected between two 

sigma-coated glass slides and the MMPCRD solution was then added and pipetted back and forth 

for the best mixing of the two monomers (Figure 10E). Monitored for 10 seconds, the CRD 

hydrogel solutions became too viscous to mix any further by 4 seconds and 2 seconds leading to 

an uneven distribution of the MMPCRD cross-linker as visualized by the zones of high fluorescence 

signal and low fluorescence signal for both the PEG-8Mal and PEG-4Mal hydrogels. Thus, the 

high and low crosslinking density domains are generated through the limited mixing prior to 

gelation. Since mixing through pipetting occurs differently every time, the domains are also 

different every time. As noted earlier, although the fluorescent signal was hetero- 

distributed the macro-structure of the gel was not visibly effected, meaning that the gel appeared 

uniform when the micro-distribution of its monomers were not under investigation, as shown by 

the final hydrogels imaged once removed from the UV-lamp and glass slide (Figure 10C). 

We next examined the effect of the heterogeneous microstructure on cell spreading. To 

evaluate the effects of the MMPCRD crosslinker distribution on cell spreading the PEG-8Mal CRD 

hydrogels where formed as described above except that HDF cells were added during gelation. 

The PEG-8Mal/MMPCRD hydrogels containing the cells were cultured for 4 days refreshing the 

media every 3 days then fixed and stained for actin and nuclei and imaged by confocal microscopy 

(Nikon) (Figure 10F). Spread cells were visualized throughout the entire hydrogel and at first 

glance it would appear that the spreading is homogenous (Figure 10F); however, a wide range of 

spreading was observed throughout the entire gel and upon closer inspection of two zones within 

the same hydrogel (Figure 10G) showed spreading cells in a fluorescently variable zone and 
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rounded cells in a fluorescently uniform zone.  Upon imaging of the hydrogel network, it was clear 

that the cells spreading coincided exactly with areas of loosely crosslinked gel. Since the density 

of the region of loosely crosslinked gel is not predictable, the cellular responses to these hydrogels 

are also not predictable. To demonstrate that hydrogels with homogenous distribution of 

crosslinker lead to uniform cellular responses we utilized (1) PEG-4VS and (2) PEG-8N CRD 

hydrogels, which are (1) slower reacting Michael-type addition hydrogels and (2) photo-

polymerized step-growth hydrogels, using visible light and 0.1 mM Eosin-Y as the photo-initiator, 

and both hydrogels were found to be completely homogeneous throughout the entire gel (Figure 

10H).208,212 Cell spreading in the PEG-8N CRD hydrogels were completely uniform throughout 

the hydrogel material. Thus, we demonstrate that in situ forming fast reacting Michael-type 

addition hydrogels, can be highly heterogeneous in the distribution of crosslinker leading to 

inconsistent cellular responses. Though the hydrogel and cells may look homogeneous in the 

macro scale, the hydrogel may not be homogeneous in the micron scale.  

We next investigated approaches to control the homogeneity of crosslinking reaction that 

generates the hydrogel. To examine the effects of temperature (Figure 11A), maleimide 

concentration (Figure 11B) and thiolate concentration (Figure 11C) on the percolation point, or 

gelation time, time sweep studies monitoring the storage and loss modulus crossover point were 

performed with a parallel plate rheometer.217-221 Both strain and frequency sweeps were conducted 

to verify that the shear modulus measurements were taken within the linear viscoelastic regime. 

The strain and frequency that fell within this regime were 40% and 1 rad*s-1, respectively. The 

plate gap was fixed at 0.5 mm to obtain the threshold normal force. The final gel for every 

condition monitored was 30 μL. The PEG-8Mal solution, minus the HDFs, was first injected 

between the two parallel plates. After three minutes of monitoring the viscoelastic moduli the 
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MMPCRD linker peptide was injected between the two plates and the effects of the reaction on the 

storage modulus was monitored until a plateau of the modulus. The gel point was determined from 

the storage and loss modulus crossover, only the storage modulus is plotted for clarity, the storage 

and loss modulus plots can be found in Figure 12A.  

 

Figure 11. Rheology and fleorescent image data to evaluate perculation point on mixing. 

Effects of A) temperature, B) maleimide concentration controlled through pre-quenching non-reacted maleimides with RDG, C) 

thiolate concentration controlled through pH of the bulk solution on gelation kinetics and D) polymer weight percent. Monitored 

by oscillation rheology over time at 25°C, unless specified otherwise (1 rad*s-1 frequency and 40% strain), and confocal 

microscopy.  Each gel was made in accordance with Table 2. Unless specified otherwise (N = 3). 
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Figure 12. Rheological and fluorescent imaging data on temperature, concentration, and pH. 

A) Storage and loss modulus (1 rad*s-1 frequency and 40% strain) plotted together to study the effects of temperature, maleimide 

concentration and thiolate concentration on crossover point, also described as the percolation point. Gelation speeds effect on 

microstructure. B) Heat map of MMPXCXX-Alexa 555 (20 μM) distribution, intensity values across the width of the gel and pixel 

intensity distribution for varying pH CRD hydrogels as compared to the CRD and PEG-8N controls.   The white dashed lines 

indicate the intensity values being plotted. Each gel was made in accordance with Table 2. Unpaired t test (P < 0.05). Unless 

specified otherwise (N = 3). 

By decreasing the temperature at which a reaction precedes the rate of reaction is expected 

to decrease as described by the Arrhenius equation. The maleimide thiolate reaction was monitored 

at 4°C, 25°C and 37°C and the modulus of each at 24 seconds was significantly different from one 

another (Figure 11A). However, the maleimide thiol Michael-type addition reaction has a 

relatively low activation energy making the probability that any collision will result in reaction 

high. Thus, the crossover point, and therefore the percolation point, was too fast to be observable 

through rheology. 
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The reactive functional groups, maleimide and thiolate, concentration directly impacts the 

reaction rate and gelation time.  To reduce the concentration of available maleimide functional 

groups prior to cross-linking a subset of the maleimide functional groups were pre-reacted with 

the scrambled peptide sequence RDG. A total of 2mM of malemides were pre-reacted leaving 

behind 8 mM malemides to form the PEG-8Mal pre quenched (MalPQ) hydrogels. A decrease in 

the storage modulus was observed with the addition of RDG at 24 second. However, there was no 

observable effect on the percolation point (Figure 11B).  

Our last approach is to modulate the availability of the thiolate by changing the pH of the 

reaction.222-224 The Henderson-Hasselbalch equation (Equation 3) describes the affect changing 

the pH has on the protonated (thiol) and deprotonated (thiolate) sulfhydryl group concentrations.  

𝑝𝐻 = 𝑝𝐾𝑎 + log10 (
[𝑡ℎ𝑖𝑜𝑙𝑎𝑡𝑒]

[𝑡ℎ𝑖𝑜𝑙]
)       

Equation 3 

The thiolate is the reactive species so by decreasing the pH of the buffer, while the pKa 

remains constant, decreases the thiolate concentration, which effectively slows the gelation 

kinetics (Figure 2C). Analysis of the storage modulus as late as 96 seconds shows a significant 

drop in storage modulus from pH 8.05 to pH 6.17. The percolation point, not observable at pH 

8.05 due to the fast gelation time and equipment limitations, is 19.16 sec, 85.99 sec, and 786.66 

sec for pH 6.17, pH 5.05, and pH 3.11. Demonstrating that the gelation kinetics can be slowed 

thereby delaying the point of gelation, which will allow for more mixing before percolation occurs. 

Hydrogels formed at pH of 3.11 resulted in homogenous hydrogels (Figure 12B) For an acellular 

scaffold reducing the pH of the buffer is sufficient for slowing the gelation kinetics and allowing 

for more uniform mixing. However, low pH is not suitable for three-dimensional scaffolds where 

the goal is to encapsulate the cells within the matrix or to form gels in situ in vivo. 
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The three approaches to control the homogeneity of the crosslinking reaction above would 

have allowed for the individual adjustment of the bulk storage modulus, G’, and the gelation speed. 

The total polymer content, described here as polymer weight percent (wt%) (Figure 11D), 

hypothetically could affect the dilution of both the maleimide and thiolate reactive functional 

groups, thereby affecting the gelation speed. This manipulation would render the G’ and gelation 

speed dependent upon one another. To examine the effects of polymer weight percent on 

improving the homogeneity of cross-linker distribution within the hydrogel 3.5 wt%, 5 wt%, and 

6.5 wt% CRD hydrogels were imaged by confocal microscopy. A wide cross-linker distribution 

throughout the bulk gel was observed (Figure 11D) as compared to the more uniformly distributed 

PEG-8N CRD hydrogel. Thus, the dilution of the polymer content, or reactive functional groups, 

was not sufficient for slowing the gelation kinetics and allowing for more uniform mixing.  

We hypothesized that reducing the availability of the thiol using a reversible binding 

molecule would slow the reaction rate enough to allow thorough mixing and uniform hydrogel 

gelation. We used zinc chloride, which interacts with the thiolate and maleimide intermediate 

throughout the propagation and chain transfer reaction steps as depicted from the reaction 

schematic in Figure 13A.225 Although zinc chloride lowers the pKa of the sulfhydryl group through 

charge stabilizations at low concentrations, at higher concentrations  

the zinc chloride thiolate interaction is stronger and the thiolate is less available to the maleimide 

to propagate.226 
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Figure 13. PEG-Mal zinc catalyzed reaction’s effect on gelation kinetics.  

A) Schematic of maleimide/thiol zinc-catalyzed Michael-type reaction governed by the propagation rate constant (kP) and chain 

transfer rate constant (kCT). B) Effects of zinc concentration on gelation kinetics. Monitored by oscillation rheology over time at 

25°C (1 rad*s-1 frequency and 40% strain). Zinc concentrations toxicity to HDF. C) IC50 determined using MTS assay 4-hour 

post exposure to various ZnCl2 concentrations (N = 6). D) Fluorescent inspection of MMPCRD-Alexa 555 distribution within the 

of ZincIC50 hydrogels after gelation. The white dashed lines indicate the intensity values being plotted. Each gel was made in 

accordance with Table S1. Tukey’s multiple comparison test (P < 0.05). Unless specified otherwise (N = 3). 

PEG-Mal/MMPCRD hydrogels were synthesized using the same protocol as detailed above 

except that 16mM zinc chloride was added to crosslinker prior to mixing it with PEG-Mal. The 

gelation kinetics significantly slowed down as observed through rheology (Figure 13B, Figure 

14A). We next assessed the cytotoxicity of zinc chloride and found that the IC50 concentration is 

0.16 mM. (Figure 13C) Upon testing the gelation kinetics at this concentration, the effect of 

slowing down the reaction was not observed and the gel crosslinked un-evenly (Figure 13D). Thus, 

similar to gelation at none physiological pH, zinc chloride can only be used for the generation of 

acellular scaffolds or hydrogel implants.  
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Figure 14. The effects of Zinc concentration on percolation point 

Storage and loss modulus (1 rad*s-1 frequency and 40% strain) plotted together to study the effects of ZnCl2 concentration on 

crossover point, also described as the percolation point, for CRD hydrogels. Each gel was made in accordance with Table 2.  

To provide a cell friendly alternative to slowing the gelation kinetics and thereby allow for 

mixing of the monomers before percolation occurs the di-thiol-containing matrix 

metalloproteinase sensitive peptide tag sequence (XCXX) was systematically designed to increase 

the pKa of the sulfhydryl group by introducing negative charges as previously described.209,227 

Lutolf and colleagues demonstrated that by introducing charged amino acids the pKa of the 

sulfhydryl group can be titrated. The sequence currently used in Michael-type addition reactions 

(CRD) was optimized by Lutolf and colleagues to increase the reaction rate kinetics of the slower, 

less efficient acrylate thiol reaction at physiological pH.205,209 However, the thiolate addition to the 

maleimide is much faster so the pKa of the sulfhydryl group must be systematically optimized for 

this reaction. We chose two peptide sequences, DCDD and ECEE to alter the pKa of the thiol 

functional group. The addition of a negative charge was shown to increase the pKa of the peptide 

from 8.637 for CRD (neutral) to 9.243 for DCDD (-3 charge) and 9.412 for ECEE (-3 charge) 

(Figure 15A). The increase in pKa effectively slowed down the reaction kinetics for gels formed 

at 4°C, 25°C and 37°C (Figure 16A and Figure 15B). The percolation point for DCDD and ECEE 

hydrogels at 25°C was 8.65 seconds, and 62.39 seconds, respectively. The increase in percolation 

time allowed for sufficient mixing time to form uniform gels with greatly reduced high/low 

crosslinker concentration (Figure 15C, and Figure 16B). To further evaluate the uniformity of the 
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hydrogel gelation, an intensity plot (the intensity across the centerline of each gel) was used. As a 

positive control and to establish the plot shape for a completely homogeneous gel a PEG-8N was 

visualized first. Excluding the edge effect; the intensity plot is uniform throughout the gel. For the 

CRD, MalPQ, and ZincIC50 conditions, where the percolation point was not observable through 

rheology, uneven distribution of fluorescence signal was observed (Figure 15C and Figure 17A). 

The DCDD and ECEE conditions (belowFigure 15C), where the percolation point was observable, 

were more evenly distributed gels. 
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Figure 15. Electrostatic environments effect on pKa thereby affecting PEG-Mal gelation kinetics.  

A) Absorbance of the thiolate at 240 (nm) in various pH solutions. Data was fit to the modified Henderson-Hasselbalch equation, 

dashed lines indicating pKa of each peptide sequence. B) Pre-swollen in-situ storage modulus measured by oscillation rheology 

over time at 25°C (1 rad*s-1 frequency and 40% strain).  Gelation speeds effect on microstructure. C) Heat map of MMPXCXX-

Alexa 555 (20 μM) distribution, intensity values across the width of the gel and pixel intensity distribution for CRD, DCDD, and 

ECEE as compared to the PEG-8N control.  Cell response to microstructure stimuli. D) Analysis of HDF spreading distribution 

within CRD, DCDD and ECEE hydrogels at day 4, representative 2D image of DCDD and ECEE at day 4 and representative 3D 

image (rendered from a 100µm z-stack) of CRD, DCDD and ECEE over the course of extended culture at day 7 and day 28. The 

F-actin positive area was normalized to nucleus positive area within a 250x250 pixel box across different sections of each hydrogel 

(N = 40), 1 representing a balled up cell and >1 representing increasing degrees of spreading. The white dashed lines indicate the 

intensity values being plotted. Each gel was made in accordance with Table 2. F test to compare variance (Fcrit = 1.00). Tukey’s 

multiple comparison test (P < 0.05). Unless specified otherwise (N = 3). 
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Figure 16. Rheological and fluorescent imaging data on various peptides. 

The combine effects of temperature and thiolate concentration on gelation speed. A) Storage and loss modulus (1 rad*s-1 frequency 

and 40% strain) plotted together to study the effects of sulfide group pKa on crossover point, also described as the percolation point, 

through monitoring CRD, DCDD and ECEE hydrogels formed at 4°C, 25°C and 37°C. B) Visualization of MMPCRD-Alexa 350 

distribution during gelation, light blue indicates high MMPCRD concentration for DCDD and ECEE hydrogels. Each gel was made 

in accordance with Table 2. 
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Figure 17. Gelation speeds effect on microstructure. 

A) Heat map of MMPXCXX-Alexa 555 (20 μM) distribution, intensity values across the width of the gel and pixel intensity 

distribution for MalPQ and ZincIC50 hydrogels as compared to the CRD and PEG-8N controls.   The white dashed lines indicate 

the intensity values being plotted. Cell response to microstructure stimuli. B) Fluorescents staining of HDF nucleus, Alexa Flour 

488-Actin, and Alexa 555-gel tag at day 4, 7, 14, 21, 28 after encapsulation in PEG hydrogels with varying compositions. The 

MalPQ and ZincIC50 gels had fully degraded by day 28. Each gel was made in accordance with Table 2. 
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The effect of the various gel conditions’ (CRD, MalPQ, ZincIC50, DCDD, and ECEE 

hydrogels (Table 2) micro-structure on the morphology of the HDFs were evaluated at days 4, 7, 

14, 21, and 28. For day 4 the distribution of cell spreading was evaluated by normalizing the F-

actin signal to the nuclei (Figure 15D). For Day 7 and 28 the representative three-dimensional 

projections, rendered from a 100 μm z-stack within the gel to minimized the characterization of 

boundary effects (Figure 3D), showing that by 28 days all hydrogels (CRD, DCDD, and ECEE) 

experience HDF elongation within the gel. The evaluation of each gel condition from day 4 to day 

28 (Figure 17B) in 2D allowed for the visualization of both the micro-domains and cell spreading 

over time. The CRD, MalPQ and ZincIC50 show elongated cells within the gel as early as 4 days and 

this elongated morphology was directly correlated to the high/low cross-linker interface zones. By 

day 28 the MalPQ and ZincIC50 hydrogels were fully degraded by the HDFs. The HDFs contracted 

the gel in these conditions as early as day 14. The HDFs did not contract the CRD, DCDD and 

ECEE hydrogels throughout the course of this experiment. However, the elongation of the HDFs 

in both DCDD and ECEE at any point within the hydrogel was more representative of the entire 

gel than in the CRD condition (Figure 15D). The bulk mechanical properties of the swollen 

hydrogels for each condition (Table 2) indicated that there was not significant difference in the 

bulk storage modulus, G’, across the different groups. However, the DCDD hydrogels had a larger 

G’, by trend, than the other conditions, likely due to the increase in the crosslinking uniformity. 

Hydrogel matrix imperfections can impact local mesh size, crosslinking density, swelling ratio,  

and the local modulus which will impact what mechanical ques the cells are experiencing within 

that local region. The variations in the bulk and local swollen storage modulus can impact cell 

spreading which was inevitably seen between the different conditions. Although the CRD 

condition had more elongated cells at day 4 than the DCDD and ECEE conditions, at day 28 all 
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conditions had elongated cells. The DCDD condition formed single cell inter-connective networks 

at day 28 where the CRD condition still had regions of elongated cells, which were made up of 

many cells, and rounded cells. 

Table 3. Physical characterizations of PEG gel conditions. 

The hydrogel mechanical properties between the varying gel conditions listed in Table 2. Gswollen, Q and ρx denoting the total moduli 

of the material, swelling ratio (Equation S1) and crosslinking density (Equation 2). 

In text description GSwollen 

(kPa)ns 

Q  ρx (mM)ns 

CRD 0.40 ± 

0.08 
32.7 ± 1.5* 0.49 ± 0.13 

DCDD 0.78 ± 

0.18 
24.5 ± 2.1 0.87 ± 0.24 

ECEE 0.27 ± 

0.03 
27.0 ± 5.1 0.30 ± 0.07 

ZincIC50 0.83 ± 

0.57 
22.9 ± 1.0 1.10 ± 0.29 

ZincEff 0.96 ± 

0.22 
25.9 ± 1.5* 0.92 ± 0.77 

MalPQ 0.13 ± 0.11 30.1 ± 5.2 0.15 ± 0.14 

PEG-8N 0.49 ± 0.35 60.0 ± 36.4 0.70 ± 0.20 

(ns) no significate difference verse (*) significant difference determined by Tukey's multiple comparisons test (α of 0.05) 

 

3.3 Conclusions: 

The thiolate addition to the maleimide π-bond is a faster and more efficient reaction than 

the thiolate addition to the acrylate π-bond. The tag sequence, CRD, optimized for the acrylate 

thiolate addition is no longer suitable for the new chemistry. The CRD hydrogel percolates rapidly, 

inhibiting mixing of the reactive monomers and resulting in variable cellular response throughout 

the gel. By systematically designing the tag sequence for the maleimide thiolate reaction the 

percolation point, or gelation time, can be extended (8.65 seconds for DCDD and 62.39 seconds 

for ECEE). This allows for improved mixing of the monomers before percolation occurs and 
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allows for more representative cellular response of the bulk gel at any given location within the 

gel. 
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IV Versatile Hyaluronic Acid-Heparin Hydrogels for the 

Controlled Release of Heparin Binding Growth Factors 

4.1 Introduction 

When the tissue is injured factors are secreted from the cells in the damaged tissue and 

spread throughout the wound to cells from the blood stream and surrounding tissue. Human dermal 

fibroblasts (HDFs) play essential roles in wound repair and remodeling. They proliferate to expand, 

migrate into the wound bed, and synthesize new extracellular matrix (ECM). Importantly, when 

these factors are release from the cells, they do not float through a liquid filled void but rather 

through a dense extracellular matrix which causes both bound and soluble gradients. One of the 

most interesting parts of the ECM mixture is the glucosaminoglycan (GAG), two GAGs that are 

widely used in our research because of their interesting functionality are Hyaluronic Acid, HA and 

Heparin. HA is a non sulfated GAG that is abundant in skin and brain tissue, among many others 

and heparin has the ability to non-covalently bind and release signaling molecules.229 This is 

achieved through the electrostatic interaction between the negative charged sulfate groups and 

positive surface charge of the protein here platelet-derived growth factor (PDGF)-BB. One growth 

factor reported to affect HDF motility.  

Hydrogels are highly hydrated networked polymers that are biocompatible and similar in 

mechanical strength and rigidity to biological tissue, making them an effective ECM mimic.197,230 

As such, the development of synthetic hydrogels to study the role of specific signals on biological 

outcomes in vitro and to serve as scaffolds for tissue repair has long been underway. Yet hydrogel 

platforms that allow for the spatiotemporal patterning of proteins to mimic how the natural ECM 

presents these proteins are still difficult to achieve. Existing strategies require modifications on the 
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proteins themselves, limiting the broad applicability of the technique to stable proteins that can 

withstand functionalization techniques.  

Hyaluronic acid (HA) is a non-sulfated glycosaminoglycan that makes up a significant 

portion of native ECM.231 This high molecular weight polyanionic macromolecule provides the 

ECM its structural support. HA is an essential ECM component that plays an active role in cellular 

signaling, wound healing, and matrix organization. HA is a linear polysaccharide that consists of 

alternating repeat units which contain functional groups that have been extensively targeted for 

chemical modifications.232 Spontaneous gelation reactions, including thiol-ene Michael-type 

additions, have been widely employed to crosslink HA and other polymers for hydrogel 

formation.219,233 In contrast, the radically induced thiol-norbornene step-growth polymerization 

reaction has gained interest across the field as it allows for spatiotemporal control over the 

hydrogel microenvironment.208,234 In this present study, the carboxylates have been modified by a 

carbodiimide-mediated reaction to functionalize HA with norbornene (HA-Norb). Anseth et al.  

and Lin et al. have characterized 1-[4-(2-hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-

propanone (Irgacure 2959 or I-2959) and eosin-Y as UV and visible light (VIS) photoinitiators. 

These initiators have also been compared to the more recently introduced UV and VIS initiator 

lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP).235,236 Here, the photo-initiator selection 

is considered a hydrogel platform design parameter as the spatiotemporally controlled thiol-

norbornene reaction is utilized. 

As described above, the spatiotemporal control of various bioactive signals is critical to 

designing materials that can closely mimic natural ECM and direct regeneration. Heparin (Hep), a 

highly sulfated glycosaminoglycan that has the ability to electrostatically bind growth factors, has 

been used widely to control the release and sequestration of growth factors and cytokines alike.172 
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Platelet-derived growth factor BB (PDGF-BB) is a key angiogenic protein involved in recruiting 

pericytes, supporting neovessel stabilization, and stimulating the production and secretion of ECM 

proteins from fibroblasts.13,237 In the native ECM, PDGF-BB is presented in the immobilized and 

soluble form. To better mimic this Hep was modified with norbornene functional groups using the 

same chemistry used to modify HA-Norb. This allowed for the covalent incorporated of Hep 

within to the hydrogel to investigate how electrostatically immobilized PDGF-BB and soluble 

PDGF-BB impacts human dermal fibroblast (HDF) encapsulation and proliferation.229 Here we 

demonstrate for the first time how heparin polymer can be used to pattern growth factors, such as 

PDGF-BB, by either pre-associating Hep and PDGF-BB prior to patterning or by first patterning 

Hep and allowing the scaffold to sequester PDGF-BB upon exposure.  

This chapter in summary: we utilize photo-lithography to pattern platelet derive growth 

factor BB (PDGF-BB) within a hyaluronic acid (HA) hydrogel platform. Homogeneous 

incorporation of heparin was achieved by mixing nornbornene-functionalized heparin with HA-

norbornene and crosslinked using a degradable dithiol crosslinker in the presence of various 

photoinitiators. PDGF-BB was nearly completely retained in HA-Norb/Hep-Norb hydrogels after 

8 days, compared to 50% release in hydrogels without heparin after only 24hrs. Alternatively, 

heparin and PDGF-BB were patterned into HA-Norb hydrogels using thiol-functionalized heparin. 

The sustained display of bound PDGF-BB resulted in increased proliferation and migration of 

encapsulated HDFs in bulk and patterned hydrogels, respectively. This platform is the first 

demonstration of patterning polymers to spatially control the presentation of proteins. 
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4.2 Materials and Methods 

4.2.1 Materials 

Sodium hyaluronan (HA, 60 KDa) was provided by Genzyme Corporation (Cambridge, 

MA). Porcine intestinal mucosa derived heparin (Hep) was purchased from EMD Millipore (~14 

KDa, Billerica, MA). Peptides Ac-GCRD-GPQGIWGQ-DRCG-NH2 (HS-MMP-SH), and Ac-

RGDSPGERCG-NH2 (RGD) were purchased from Genscript (Piscataway, NJ). 4-(4,6-

Dimethoxy[1.3.5]triazin-2-yl)-4-methylmorpholinium chloride (DMTMM), 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), 

Ellman’s reagent and 2-(4-morpholino)ethane sulfonic acid (MES) were purchased from Fisher 

Scientific (Waltham, MA). 5-Norbornene-2-methanamine (a mixture of isomers) (NMA), and 

photoinitiator lithium phenyl(2,4,6-trimethylbenzoyl)phosphinate (LAP) were purchased from 

TCI America (Portland, OR). The other photoinitiators, including Ciba Irgacure 2959 (I-2959) and 

eosin Y, and dithiothreitol (DTT) were purchased from Sigma-Aldrich (St. Louis, MO). Statistical 

significance was found using ANOVA with =0.5. 

4.2.2 Synthesis of Norbornene Modified Hyaluronic Acid and Heparin 

Hyaluronic acid-norbornene (HA-Norb) was synthesized, as depicted in Figure 18A, 

through the activation of the 1.0 g HA (MW 60,000 Da) using 3.1 g DMTMM (1:4 molar 

equivalents of COOH:DMTMM) in water for 15 minutes followed by the subsequent dropwise 

addition of 0.677 mL NMA (1:2 molar equivalents of COOH:DMTMM) with vigorous mixing. 

Throughout the reaction, the solution pH was maintained at pH 5.5 using 200 mM MES buffer. 

The reaction was covered and allowed to react for 24 hrs. The solution was then mixed with an 

equal volume of 2M sodium chloride to generate of large drive force for dialyzing exchange. The 

solution was dialyzed (6-8 KDa MWCO) against rounds of distilled water and 1M NaCl for 1 hr 
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each  for a total of 6 hrs to revert active COOH groups and remove unreacted NMA and DMTMM. 

The purified HA-Norb was sterile filtered through a 0.2 m sterile filter, snap-frozen with liquid 

nitrogen, lyophilized, and stored at -20C until used. The final HA-Norb product was analyzed by 

1H NMR spectrometry using a 400 MHz Bruker AV400 NMR (Figure 18B) and found to have 

~37%, ~46% and ~47% of its repeat units functionalized with norbornene for three separate 

batches. 1H NMR shifts of pendant norbornenes in D20 are 6.33 and 6.02 (vinyl protons, endo), 

and 6.26 and 6.23 ppm (vinyl protons, exo), similar to previously reported functionalization.234 All 

equivalents are based on the moles of HA repeat units. 

Heparin-norbornene (Hep-Norb) was synthesized and purified exactly as described above, 

except with 16 molar equivalents of NMA (Figure 18A).  The final Hep-Norb product was 

analyzed by 1H NMR spectrometry (Figure 18C) and found to have ~62% of its repeat units 

functionalized with norbornene. All equivalents are based on the moles of Hep repeat units that 

contained carboxylic acid groups, estimated to be 75% of the total number of repeat units. 
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Figure 18. Synthesis and characterization of HA-Norb and Hep-Norb. 

(A) Synthesis of either HA-Norb (blue) or Hep-Norb (purple) using carbodiimide chemistry to convert the carboxylic acid of the 

side chain of either polymer to a norbornene functional group. The synthesis was confirmed and the percent modification was 

determined for both HA-Norb (B) and Hep-Norb (C) through NMR. 

4.2.3 Fabrication of HA-Norb Gels and Mechanical Testing 

HA-Norb, Hep-Norb, HS-MMP-SH, and RGD were dissolved in phosphate buffer saline 

(PBS) and combined to the desired concentration according to  

Table 4. One of three photoinitiators, I2959 in 70% ethanol, Eosin Y in PBS, or LAP in 

PBS, was then added according to  

Table 4 to form the gel solution. The ratio of HS-MMP-SH thiols to HA-Norb polymer 

(XSH/HA), photoinitiator concentration (CI), irradiation light source and time (tI), and Hep-Norb 

concentration (CHep) were varied. The gel solution (50 L) was pipetted between two sigmacote-

treated (Sigma-Aldrich) glass slides using 1 mm spacers. An OmniCure Series 1000 (365 nm UV) 
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or a Volpi USA V-Lux 1000 light source was used for UV or visible (VIS) light gelation. The gel 

solutions were crosslinked for the desired time with either UV light (10 mW/cm2) or VIS light (40 

mW/cm2) (Figure 2A). Crosslinked gels were then placed in 1 mL of PBS to swell at 37C 

overnight before mechanical testing. Three gels for each condition were prepared. 

For rheology of the swollen networks the storage and loss modulus (G’ and G”, 

respectively) were obtained in strain oscillatory shear using a MCR 302 Anton Paar rheometer. 

The linear viscoelastic regime was determined through amplitude sweep (0.1% to 100% at 6 rad*s 

-1) followed by a frequency sweep (0.01 to 10 rad*s -1 at 2.5% strain). 

 

Table 4. Hydrogel conditions. 

*indicates number varies by batch of HA-Norb 

 

CHA 

(mM) 

CHep 

(mM) 
SH/HA SH/Hep SH/Norb 

CHS-MMP-

SH (mM) 

CRGD 

(mM) 
Initiator 

[Initiator] 

(mM) 
Light 

tI 

(min) 
# 

0.53 

0 

15 to 37 

0 

0.25* to 0.63*  

3 

I-2959 2.2 UV 10 1 

22 0.38*  

Eosin-

Y 
0.05 

VIS 5 

2 

Eosin-

Y 
0.01 3 

LAP 

2.2 

VIS 

5 
4 

0.22 5 

23.5 0.40*  

2.2 

1 to 9 6 

12 to 23.5 0.20* to 0.40*  5 7 

0 

14 3.5 0.24* 

3.7 

LAP 2.2 VIS 5 

8 

0.5 4.6 9 

1.0 5.4 10 

1.5 6.3 11 
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4.2.4 Cell Encapsulation Viability 

Mouse Mesenchymal Stem Cells (mMSCs) were suspended in various gel solutions (I-

2959: XSH/Norb= 22 and Eosin-Y: XSH/Norb= 22 and CI – 0.05 mM) in PBS at 1500 cell/L under 

sterile conditions. Gel solutions with Irgacure or Eosin were crosslinked with UV (10 minutes, 10 

mW/cm2) or VIS (5 minutes, 40 mW/cm2) light, respectively. Each 20 L gel (n = 6) was 

transferred to a well in a 24-well ultra low attachment plate with 1 mL of complete DMEM 

containing 5% Bovine Growth Serum (BGS) and 1% Penicillin-streptomycin (P/S) and incubated 

at 37C. Viability was assessed after 6 days by a LIVE/DEAD cell viability assay (Invitrogen) 

following the manufacturer’s instructions and imaged using a Nikon C2 confocal microscope. 
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Figure 19. HA-Norb hydrogel physical characterization. 

(A) HA-Norb, HS-MMP-SH, and HS-RGD were combined with I-2959 (grey), Eosin-Y (red), or LAP (black) and exposed to either 

UV (purple) or visible light (yellow) to initiate the reaction between norbornenes and thiols, initiating gelation. (B) The storage 

modulus of swollen HA-Norb only hydrogels made according to condition #1 in Table 4 increases as the SH/HA ratio increases 

for I-2959 UV photopolymerized hydrogels. (C) The storage (solid) and loss (outlined) modulus of swollen hydrogels made 

according to conditions #2-5 in Table 4. No significant difference between hydrogel storage moduli was observed for hydrogels 

made using various initiators, initiator concentrations, exposure times, and exposure wavelengths. I-2959: gray, Eosin-Y: red, LAP: 

black. (D) The pre-swollen storage modulus of 2.2mM LAP hydrogels made according to condition #6 in Table 4 demonstrated 

that 5 minutes was the optimal exposure time to minimize radical formation while fully crosslinking the matrix. (E) The storage 

modulus of 2.2mM swollen LAP hydrogels made according to condition #7 in Table 4. 
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Figure 20. Viability. 

Viability of mMSCs in I-2959 and Eosin-Y HA-Norb hydrogels made according to conditions 1 and 2 in  

Table 4, respectively (red = dead, green = live cells). The SH/HA ratio is equal to 22 for both conditions.  

 

4.2.5 PDGF-BB Release Characterization 

Recombinant Human PDGF-BB (PeproTech) was loading into various HA-Norb/Hep-

Norb gel solutions at 5 g/mL and immediately vortexed for optimal mixing. The gel solutions 

were then crosslinked with VIS light for 5 minutes at 40 mW/cm2. Each 20 L gel (n = 3) was 

transferred to a well in a 24-well ultra low attachment plate with 1 mL of incomplete DMEM 

containing only 1% Penicillin-streptomycin (P/S). The media was collected and replenished at 3, 

6, 24, 48, 72, 120 (5 days), and 192 (8 days) hrs. The remaining gel was incubated in 1 mL of 2 

mg/mL Type 1 Collagenase (Worthington Biochemical) at 37C for 30 minutes to release any 

remaining PDGF_BB. PDGF-BB release was quantified on the media samples and the final 

degraded gel solution by ELISA. Anti-human PDGF-B (R&D Biosystems) was used to capture 

and anti-human PDGF-BB-biotin (R&D Biosystems) followed by incubation with 1:1000 

streptavidin-HRP (R&D Biosystems) was used to detect released PDGF-BB. Absorbance was read 

on a Tecan Infinite® 200 PRO Multimode Reader at 450 nm with a 570 nm reference. (Figure 21)  
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Figure 21. PDGF-BB release from bulk HA-Norb/Hep-Norb hydrogels. 

(A) The Hep-Norb concentration was increased from 0mM (blue) to 0.5mM (green) the surrounding media was collected and 

refreshed over 8 days so as the cumulative release of PDGF-BB from the hydrogel could be monitored. (B) No significant 

difference in overall storage modulus was observed between HA-Norb gels with or without Hep-Norb. The normalized 

cumulative release of PDGF-BB over time (C) and remaining PDGF-BB left within each hydrogel after 8 days (D) shows a 

significant difference in the release and retention of PDGF-BB between HA-Norb gels with and without Hep-Norb (n=3). 

 
Figure 22. Diffusion Coefficent of 40kDa Dextran through HA-Norb and Hep-Norb hydrogels. 
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4.2.6 Cell Encapsulation and Proliferation Analysis 

Adult human dermal fibroblasts (HDFa) were suspended in various gel solutions with and 

without 5 g/mL PDGF-BB in PBS at 1000 cell/L under sterile conditions. Gel solutions with 

HDFa were crosslinked with VIS light for 5 minutes at 40 mW/cm2. Each 20 L gel (n = 9) was 

transferred to a well in a 24-well ultra low attachment plates with 1 mL of complete DMEM 

containing 5% Fetal Bovine Serum (FBS) and 1% P/S. The media was refreshed every three 

days. On days 1, 5, and 8 the same gels from each condition were exposed to PrestoBlue® cell 

viability reagent following manufacture’s instructions (n = 3). Briefly, the gels were incubated at 

37C for 1hr in the presence of PrestoBlue. The surrounding media and the two controls (media 

only and media + PrestoBlue only) were collected and the fluorescence was read using the Tecan 

plate reader at an excitation/emission of 530 nm/590 nm. To assess cell spreading and 

distribution, separate gel preparations (n = 3) were fixed at days 5 and 8 with 4% 

paraformaldehyde (Fisher Scientific) for 15 minutes at room temperature. After rinsing with 

1xPBS the hydrogels were stained with rhodamine-phalloidin (Invitrogen) (1:40 for 90 minutes) 

followed by DAPI (1:1000 for 10 minutes) and then visualized on a Nikon-C1 laser scanning 

confocal microscope with a 20x air objective. Three-dimensional z-stack projection renderings 

are of a 300μm thick sections of each gel.  

 

4.2.7 PDGF-BB Fluorescent Labeling 

Recombinant human PDGF-BB was fluorescently labelled with Alexa 350. PDGF-BB was 

reacted with Alexa 350-NHS at a final concentration of 8x10-4 mM (20 µg/mL) and 10 mM, 

respectively. The reaction proceeded at room temperature for 2 hours, after which unreacted dye 

was separated from fluorescent protein using a G25 Sephadex size exclusion column with 10 mM 
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PBS pH 7.4 as running buffer. The final protein concentration after fluorescent conjugation was 

determine by measuring the absorbance at 280 nm using NanoDrop ND-1000 spectrophotometer 

(NanoFrop, Wilmington, DE, USA) and correcting for the absorbance of the dye. The protein and 

dye concentrations were determined by Beer’s Law at an absorbance wavelength of 280 nm and 

an extinction coefficient of 5,690 M-1cm-1 for PDGF-BB and an absorbance at 364 nm and an 

extinction coefficient of 19,000 M-1cm-1 for Alexa 350.   

4.2.8 Heparin Thiol Modification  

The carboxylic acid groups of heparin were functionalized with cysteamine to produce 

Hep-thiol (Hep-SH) as previously described by Moshayedi, P et al.238 Briefly, 0.2 g Hep was 

activated using 0.19 g EDC and 0.11 g NHS (1:4:4 molar equivalents of COOH:EDC:NHS) for 2 

hours followed by the subsequent dropwise addition of 0.11g cysteamine (1:4 molar equivalents 

of COOH:cysteamine) with vigorous mixing. Throughout the reaction, the solution pH was 

maintained at pH 4.75. The reaction was covered and allowed to react overnight. To minimize 

disulfide bonds, 0.25 g dithiothreitol (1:6 molar equivalents of COOH:DTT) was added to the 

reaction solution, the solution was titrated to pH 3, and allowed to react overnight. Hep-SH was 

purified through 2 days of dialysis using Fisherbrand Regenerated Cellulose Dialysis Tubing (3500 

Da MWCO), sterile filtered through a 0.2 m sterile filter, snap-frozen with liquid nitrogen, 

lyophilized, and stored at -20C until used. The product was analyzed by Ellman’s assay and found 

to have ~45% of Hep repeat units functionalized with cysteamine for a total of ~10.5 thiol groups 

per Hep-SH polymer. All equivalents are based on the moles of Hep repeat units that contain 

carboxylic acid groups, estimated to be 75% of the total number of repeat units. 
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4.2.9 Patterning Hep-SH and PDGF into HA-Norb Hydrogels 

The HA-Norb gels were formed as described above and according to  

Table 4, condition #8. The gels were incubated in either a Hep-SH or Hep-SH+PDGF 

solutions for 8 hours before the gel was exposed to 10 mW/cm2 of UV light for 2 minutes through 

a photo-mask. The Hep-SH solution contained 0.5 mM Hep-SH, 0.01 mM Alexa 488-maleimide, 

and 2.2 mM LAP. Gels formed in the presence of PDGF additionally included 1 µg/mL of PDGF-

Alexa 350. Gels where then washed overnight before imaging on the Nikon-C2 laser scanning 

confocal microscope with a 20x air objective. To sequester PDGF onto Hep post-gel formation, 

Hep-SH patterned hydrogels were then incubation overnight in a 1 µg/mL PDGF-Alexa 350 

solution and similarly imaged after overnight washing with fresh buffer. Three-dimensional z-

stack projection renderings are of a 500μm thick sections of each gel. (Figure 23) 
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Figure 23. Patterning of Hep-SH in HA-Norb hydrogels. 
(A) Scheme of the incorporation of Hep-SH with PDGF (Type I) or Hep-SH alone (Type II). (B) Scheme of 

photolithography to pattern either solution. Visualization of the Hep-SH (green) pattern (C) near the exposed 

surface, (D) maximum intensity project, (E) 500 µm into the gel, and (F) 3D render. (G) Visualization of Hep-SH 

(green) and PDGF-BB (blue) pattern. (H) Scheme of post-pattern incubation with PDGF-BB to be sequestered to 

Hep-SH pattern. (I) Visualization of Hep-SH (green) and PDGF-BB (blue) pattern.  Scale bars = 100 µm  

 

4.3 Results and Discussion 

HA-Norb and Hep-Norb were synthesized from HA and Hep in an aqueous environment 

(Figure 18A) using DMTMM to first activate the carboxylic acid groups of either polymer 

backbone followed by the nucleophilic attack of the amine group from NMA as shown by the 

scheme in Figure 18A. This one-step reaction allows for repeatable modifications performed in an 
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aqueous solution where previously modified HA-Norb required desalting of the HA 

macromolecule so that the modification could be performed in the organic phase.234 The HA-Norb 

and Hep-Norb were collected in high yields after dialysis (>90%) and had on average ~58 and ~14 

pendant norbornenes per 60 kDa HA and 14 kDa Hep polymer chains, respectively (Figure 18B 

and Figure 18C).  

The modification of both HA-Norb or Hep-Norb with a high density of pendant 

norbornenes allowed for consistent batch-to-batch hydrogel formation via a thiol-ene reaction with 

a dithiol crosslinker while still maintaining an excess number of functional groups for the 

subsequent incorporation of pendant peptides (Figure 19A, Figure 24). For all hydrogel 

preparations the dithiol crosslinker used (HS-MMP-SH) contained a matrix metalloproteinase 

(MMP) degradable collagen type I sequence to allow for slow hydrogel degradation upon local 

protease expression142  Hydrogels were crosslinked via light sensitive radical generators using 

either UV light or VIS light. Two type I photoinitiators, I-2959 and LAP, and one type II 

photoinitiator, Eosin-Y, were evaluated for their impact on final gel mechanical properties and on 

cell viability. Specifically type I photoinitiators, also known as the cleavage type, dissociate into 

two radicals following photon absorption, while type II initiating systems require a co-initiator that 

can donate a hydrogel atom to the photoinitiator once in the excited state from photon absorption. 

I-2959 is purely activated in the UV range and Eosin-Y is purely activated in the visible range. 

Alternatively, the high extinction coefficient of LAP in both the UV and low visible range allows 

for the radical initiation of the thiol-ene reaction in both UV and VIS light. Evaluated using parallel 

plate rheometry, the HA-Norb hydrogel (XSH/HA = 22) showed no significant difference in storage 

modulus when formed using 2.2 mM I-2959 irradiated for 10 minutes at 10 mW/cm2 UV light or 
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2.2 mM LAP, 0.22 mM LAP, 0.05 mM Eosin-Y, and 0.01 mM Eosin-Y irradiated for 5 minutes 

at 40 mW/cm2 VIS light (Figure 19C).  

 

Figure 24. HA-Norb gel mechanical properties based on various batches of HA-Norb. 

No significant difference was observed in the storage modulus of various HA-Norb gels formed using three separate batches of 

HA-Norb. 

 

Further analysis of the shear and storage moduli as a function of reactive groups for both 

I-2959 UV irradiated and LAP visible light irradiated swollen hydrogels revealed an increase in 

the storage moduli as more reactive groups were utilized. (Figure 19B, Figure 19E). Specifically, 

varying the thiol:HA ratio, XSH/HA, from 12 to 23.5 resulted in a two fold increase in storage 

modulus (Figure 19E). For both initiators, as the ratio of reactive functionalities nears 1:1 the 

storage modulus shows a marked increase. Thus, independent of initiator, a wide range of storage 

moduli can be generated by varying the thiol:ene ratio off stoichiometry making HA-Norb 

hydrogels broadly applicable across various tissues.  

Given that there were no significant differences in hydrogel formation and mechanical 

properties as a function of photoinitiator type, we next evaluated each initiator for cellular toxicity 

on encapsulated mMSCs. UV irradiation and Eosin-Y both resulted in significant toxicity 

compared to LAP, determined using a cell viability assay (Figure 22). As such, 2.2 mM LAP was 
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used for the remained of the studies involving encapsulated cells. In addition, since UV light has 

a lower penetration depth into the material and tissues visible light was used to crosslink hydrogels 

with and without cells. In order to determine the optimum length of time of light exposure for gels 

containing 2.2mM LAP to fully gel while minimizing unnecessary radial exposure to encapsulated 

cells, HA-Norb gels (XSH/HA = 23.5) were irradiated with 40 mW/cm2 VIS light from 1 to 9 minutes. 

The storage modulus of pre-swollen gels demonstrated a plateau after 5 minutes of exposure, 

which matched previously report data (Figure 19D).236   

A major goal of this work was to engineer a method to control the presentation of 

encapsulated and secreted soluble biochemical signals, namely PDGF-BB. To do this, heparin was 

introduced into the system since it has the ability to non-covalently bind signaling molecules 

through electrostatic interactions between the negative charged sulfate groups and positive charged 

surface residues of proteins. First, hydrogel physical properties were evaluated to ensure the bulk 

incorporation of heparin polymer did not alter the physical properties of the scaffold. The distance 

between crosslinks across gel conditions was maintained by including additional dithiol 

crosslinker (Figure 21A). In doing so, the hydrogel storage modulus remained unchanged in the 

absence or presence of uniformly distributed heparin (Figure 21B). As an additional measure of 

crosslinking, the diffusion of 40kDa dextran was assessed as a model for similar molecular weight 

proteins (Figure 22) and was shown to remain relatively constant regardless of the incorporation 

of heparin. Next, PDGF-BB was shown to be better retained in hydrogels containing Hep-Norb 

compared to HA-Norb only gels, which showed a bulk release of incorporated PDGF-BB by 24hrs, 

while the scaffold matrix swelled (Figure 21A, Figure 21C, Figure 21B-D).  

Once the incorporation of PDGF-BB was confirmed in bulk HA-Norb/Hep-Norb hydrogels, 

we next evaluated the ability of patterned Hep-SH in HA-Norb gels to spatially control the location 
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of PDGF-BB. Two methods to patterning PDGF-BB were evaluated as depicted in Figure 23A, 

Figure 23B, and Figure 23H: either Hep-SH was pre-incubated with PDGF-BB and then patterned 

into the hydrogel (Type I) or Hep-SH was first patterned into the hydrogel alone and then exposed 

to a solution of PDGF-BB (Type II). To visualize incorporated protein, PDGF-BB was 

fluorescently labeled with Alexa-350 prior to patterning. Figure 23C-F demonstrate that Hep-SH 

could be clearly patterned into HA-Norb hydrogels. In addition, heparin was shown to be able to 

bind to and pattern PDGF-BB (Type I, Figure 23G) and further sequester PDGF-BB to a pre-

formed pattern (Type II, Figure 23I). This validated that patterned heparin could be used to control 

the bound verses soluble presentation of PDGF-BB, a method that could be extended to patterning 

other proteins that electrostatically interact with heparin.  

Finally, the effects of the spatiotemporal presentation of PDGF-BB using bulk Hep (Hep-

Norb) and patterned Hep (Hep-SH) from HA-Norb hydrogels were evaluated on HDFs. PDGF-

BB has previously been shown to effect fibroblast proliferation. The incorporation of bulk heparin 

with sequestered PDGF-BB resulted in a significant increase in proliferation from day 5 to day 8 

for HDFs. This was not observed for hydrogels without PDGF-BB or with heparin alone. 

Interestingly, there was no significant difference in cell spreading, as measured by total cell area, 

in the absence or presence of heparin (Figure 25C-D). While some increase in spreading was 

observed at day 5 in the presence of either soluble or sequestered PDGF-BB, these differences 

were not sustained by 8 days. Together this data suggests that maintaining a high concentration of 

PDGF-BB within the hydrogel through the incorporation of heparin is important for sustained 

proliferation of HDFs with minimal influence on cell spreading. 

PDGF-BB has also been shown to effect fibroblast migration. 237 Here we observed that 

upon pattering heparin in the presence of PDGF-BB, HDFs in the space adjacent to the heparin 
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pattern align towards the pattern (Figure 25E). As a quantitative measure of migration, the shape 

of each cell inside and outside the patterned area was measured for sphericity in IMARIS. HDFs 

outside the pattern were significantly less spherical than those inside the pattern suggesting that 

the cells polarizing in the direction of the sequestered PDGF-BB on patterned Hep hydrogels.   

 

Figure 25. HDF response to bulk and patterned Heparin and PDGF-BB..  
(A) 300 µm thick 3D renders of HDFs within HA-Norb hydrogels ± Hep-Norb hydrogel conditions; cell nucleus, 

DAPI (blue), F-actin (red) (B) Proliferation at days 5 and 8 (normalized to day 1) was plotted for the HDFs within 

the same hydrogel conditions from A with (solid) or without (dotted) PDGF-BB. (C) 300 µm thick 3D renders of 

IMARIS modeled data of HDFs within the same hydrogel conditions from A. (D) HDF spreading calculated in 

IMARIS as percent of volume comprised of F-actin positive signal was plotted for the HDFs within the same 

hydrogel conditions from A with (solid) or without (dotted) PDGF-BB. (E) 3D renders of raw data and IMARIS 

models of HDFs within HA-Norb gels patterned with Hep-SH (green) ± PDGF-BB. (F) Analysis in IMARIS of 

HDF sphericity inside and outside of the pattern ± PDGF-BB (n=3). 
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4.4 Conclusion 

Here we demonstrated that heparin can be patterned into HA-Norb hydrogels to direct the 

spatial and temporal presentation of PDGF-BB. By including as little at 0.5mM heparin into the 

hydrogel, PDGF-BB can be sequestered by either pre-incubation with heparin or upon binding 

post-pattern synthesis. This control over PDGF-BB incorporation directly affected encapsulated 

cell proliferation and migration. As such, the simple incorporation of heparin to manipulate the 

presentation of biochemical cues opens the door to evaluating how biochemical gradients in a 3D 

hydrogel can influence cellular responses. Though this platform relies on the interaction of heparin 

with the bioactive signal of interest, it easily adds complex signaling gradients on the micro-scale 

without having to re-engineer or modify the protein of interest. These HA-Norb/Hep hydrogels 

can also be translated for use in vivo as they have the ability to be patterned and sequester signals 

within a skin wound bed and surrounding tissue. This application is of critical interest and currently 

under evaluation. 
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V Click by Click Strategy in Preparation of Injectable 

Microporous Scaffolds for Stroke Repair 

5.1 Introduction 

Macroporous scaffolds are being increasingly used in regenerative medicine and tissue 

repair. And while recently developed microporous annealed particle (MAP) scaffolds have 

overcome issues with injectability and in situ hydrogel formation, limitations with respect to 

tunability to be able to manipulate hydrogel strength and rigidity for broad applications still exist. 

To address these key issues, here we synthesized microgel (µbead) building blocks using the thiol-

norbornene click reaction and then subsequently annealed µbeads into a porous scaffold using the 

tetrazine-norbornene click reaction. This assembly method allowed for straightforward tuning of 

bulk scaffold rigidity by varying the tetrazine to norbornene ratio, with increasing tetrazine 

resulting in increasing scaffold storage modulus, Young’s modulus, and maximum stress. 

Importantly, these changes were independent of void fraction. Further incorporation of human 

dermal fibroblasts (HDFs) throughout the porous scaffold revealed control over metabolic activity 

as a function of crosslinking. Finally, an injection of a porous HA-Tet MAP scaffold into an in-

vivo stroke model, allowed for enhanced tissue integration. Similar to previously reported MAP 

scaffold injections used in strokes, the resulting overall astrocytic scar thickness was significantly 

reduced, with greater infiltration of GFAP+ cells and reduced CD11b+ immune cell infiltration into 

the infarct and peri-infarct compared to having no scaffold present.    

Hydrogels are three-dimensional hydrophilic polymer networks that are widely employed 

as matrices for cell culture with numerous applications in tissue engineering.157,239 Over the last 

two decades, hydrogels have evolved to incorporate and control the display of biochemical cues 

through functionalization with specific moieties240,241 and provide appropriate mechanical cues 
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through the manipulation of various design parameters242,243. Hydrogels can also be made into 

various shapes and sizes, including microgels (µbeads). These µbeads can be used in 2D and 3D 

cell culture, as drug delivery vehicles,244 and as the structural and bioactive components to bulk 

porous hydrogels.245 Porous hydrogels form fully percolated networks with pores that allow for 

rapid cell proliferation, infiltration, and motility.17,18 Specifically, microporous annealed particle 

(MAP) scaffolds have the advantage of being injectable and can easily form to heterogeneous 

tissue cavities196, including skin wounds and brain stroke cavities. The µbeads can also be modified 

physically or biochemically to allow for increased cell invasion and more rapid wound healing17,246.   

Work with stress-relaxing materials have demonstrated that when a material stress-relaxes 

quickly cells respond better to that material. The ability for a cell to manipulate its local 

environment is key to mitigating the cellular response.175 The current method to fabricate MAP 

scaffolds utilizes an enzymatic transglutaminase reaction.196 The µbeads are packed and linked 

between K and Q peptides on their surface. The resulting scaffold is weak and relatively brittle. 

The µbeads’ attachment to one another cannot be easily tuned to modulate the strength and rigidity 

of the final scaffold. Alternatively, click chemistry has been employed in tremendous application 

in materials science. Biorthogonal click reactions have especially been utilized for hydrogel 

synthesis and functionalization for 3D cell culture and tissue engineering applications.162,247,248 

Here we have developed a new method to make MAP building blocks by using a thiol-norbornene 

click reaction to form µbeads and subsequently anneal them to form MAP scaffolds using a 

tetrazine-norbornene click reaction. Figure 26 introduces the two orthogonal click reactions that 

are used to fabricate the porous hydrogels.  
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Figure 26. Overview of macroporous hydrogel formation by anneal thiol-norbornene formed µbeads using tetrazine-

norbornene click chemistry.  

(A) Schematic of radically-mediated step-growth thiol-norbornene photo-click reaction and the tetrazine-norbornene 

cycloaddition click reaction. Synthesis of  (B) Tetra-PEG-Tet and (C) HA-Norb. 

 

5.2 Materials and Methods  

5.2.1 Synthesis of Tetra-PEG-Tet 

Tetra-polyethylene glycol-tetrazine (Tetra-PEG-Tet) was synthesized through a base-

catalyzed thiol-Michael addition by dissolving 100 mg of tetra-PEG-SH (MW: 20,000 Da) (NOF 

America, White Plains, NY) and 15 mg of methyltetrazine-PEG4-maleimide (MW: 514.53 Da) 

(Kerafast, Boston, MA) in 0.5 mL CDCl3 (Maleimide/SH ratio of 1.05), then adding 1 µL of 
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triethylamine (TEA) (0.5 molar equivalent). (Figure 26B) The mixture was stirred at room 

temperature for 4 hrs. The product was precipitated in 50 mL cold diethyl ether and confirmed by 

1H-NMR with 98% conversion. (Figure 27) 

 

Figure 27. H NMR.of Tetra-PEG-Tet 

5.2.2 Synthesis of PEG-3Tet-Alexa555 

 Polyethylene glycol-tri-tetrazine-Alexa Fluor 555 (PEG-3Tet-Alexa555) was synthesized 

through two base-catalyzed thiol-Michael additions in parallel by dissolving 1 mg of tetra-PEG-

SH (MW: 20,000 Da) (NOF America, White Plains, NY) and 0.1 mg of methyltetrazine-PEG4-

maleimide (MW: 514.53 Da) (Kerafast, Boston, MA) (Maleimide/SH ratio of 0.75) and 0.13 mg 

Alexa Fluor 555 C2 maleimide (MW: 1250 Da) (Thermo Fisher Scientific) (Maleimide/SH ratio 

of 0.25) in 0.5 mL CDCl3, then adding 0.1 µL of triethylamine (TEA) (3.5 molar equivalent). 

The mixture was stirred at room temperature for 4 hrs. The product was precipitated in 50 mL 

cold diethyl ether. 
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5.2.3 Synthesis of Alexa647-Tet 

 Alexa Fluor 647 C2-tetrazine (Alexa647-Tet) was synthesized through two base-

catalyzed thiol-Michael addition reactions in series. (Figure 28) First, by dissolving 2.8 mg of HS-

PEG-SH (MW: 3500 Da) (JenKem Technology USA, Plano, TX) (1 molar equivalent to Alexa 

Fluor C2 maleimide) and 0.41 mg of methyltetrazine-PEG4-maleimide (MW: 514.53 Da) 

(Kerafast, Boston, MA) (1 molar equivalent to Alexa Fluor C2 maleimide) in 0.17 mL CDCl3, 

then adding 0.11 µL of triethylamine (TEA) (0.5 molar equivalent). The mixture was stirred at 

room temperature overnight. Next, by dissolving 1 mg Alexa Fluor 647 C2 maleimide (MW: 1250 

Da) (Thermo Fisher Scientific) in 0.17 mL CDCl3, then adding the reaction mixture and 0.11 µL 

of triethylamine (TEA) (0.5 molar equivalent). The mixture was stirred at room temperature 

overnight. The product was precipitated in 10 mL of cold diethyl ether and dried under vacuum 

overnight. The resulting product was dissolved in dimethylformamide at 1 mg/mL and stored at -

20°C. 

 

Figure 28. Synthesis scheme of Tet-PEG-Alexa 

5.2.4 Synthesis of HA-Norb 

Hyaluronic acid-norbornene (HA-Norb) was synthesized through the subsiquent activation 

and functionalization of the HA carboxylic acid group by dissolving 1.0 g of HA (MW 60,000 Da) 

(Genzyme, Cambridge, MA) and 3.1 g 4-(4,6-Dimethoxy[1.3.5]triazin-2-yl)-4-

methylmorpholinium chloride (DMTMM) (MW: 294.74 Da) (TCI America, Portland, OR) (4 
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molar equivalents) each in 40 ml of 200 mM MES buffer, pH 5.5, combining the solutions and 

allowing the reaction to stirr for 10 min. Then 0.677 mL of 5-Norbornene-2-methanamine (a 

mixture of isomers) (NMA) (TCI America, Portland, OR) (2 molar equivalents) was added drop 

wisely in to the mixture. The reaction was stirred at room temperature overnight and then 

precipitated in 1L of 100% Ethanol. (Figure 26C) All precipitates were collected and dissolve in 

2M brine solution and dialyzed against DI water for 30 minutes, 1M brine solution for 30 minutes. 

This dialysis process was repeated 3 times and then dialyzed against DI water for 24 hours. The 

final solution was collected and lyophilized to yield the final product. HA-Norb was confirmed by 

1H-NMR with 44% Norb functionalization. 1H NMR shifts of pendant norbornenes in D20, δ6.33 

and δ6.02 (vinyl protons, endo), and δ6.26 and δ6.23 ppm (vinyl protons, exo), where compared 

to the HA methyl group δ2.05 ppm to determine functionalization. All equivalents are based on 

the moles of the HA repeat unit. (Figure 29, Figure 30) 

 

Figure 29. Chemical structure of HA-Norb 
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Figure 30. H NMR of HA-Norb 

 

5.2.5 µbead Synthesis 

 HA-Norb µbeads were prepared via inverse suspension photo-polymerization, in 

which HA-Norb containing clustered Ac-RGDSPGERCG-NH2 (RGD) (Genscript, Piscataway, 

NJ) was polymerized with dithiothreitol (DTT) (Sigma-Aldrich) via radically-mediated thiol-

norbornene click reaction in an aqueous phase that was suspended in an organic phase. (Figure 

31A) Briefly, the organic phase was comprised of 10 mL of hexane containing 300 mg, 3 wt%, of 

sorbitan monooleate (Span 80) (Sigma-Aldrich). The volume of the aqueous phase was 6 mL 

comprised of 300 mM HEPES buffer (Thermo Fisher Scientific) at pH 8.3 with 0.5 mM of HA-

Norb, 0.5 mM RGD, 3.5 mM DTT (SH/HA ratio of 14), 1.875 mM tris(2-carboxyethyl)phosphine 

(TCEP) (Sigma-Aldrich) (TCEP/SH ratio of 0.25)  and 4.25 mM lithium phenyl(2,4,6-
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trimethylbenzoyl)phosphinate photo-initiator (LAP) (TCI America, Portland, OR). The RGD was 

initially clustered onto HA-Norb by combining 0.25 mM HA-Norb, 0.5 mM RGD (Clustering ratio 

of 2 RGD/HA), 1.875 mM TCEP and 0.15 mM LAP in 3.78 mL of HEPES and exposing the 

mixture to 10 mW/cm2 of UV light for 1 minutes. The mixture was then combined with the DTT 

and the remaining HA-Norb and LAP. This final gel precursor solution was then pipetted into a 

round-bottom flask containing the organic phase continuously stirring at 600 rpm and bubbled 

with nitrogen to minimize oxygen quenching of radicals and then mixed by pipetting up and down 

9 times to generate a stable inverse suspension. The flask’s contents were then exposed to UV light 

at 20 mW/cm2 for 10 minutes to initiate polymerization. 

Upon completion of the polymerization, the suspension was transferred into a conical 

tube and centrifuged at 1000 rcf for 1 minute and the supernatant was decanted. The µbeads were 

washed twice with hexanes and recovered with the same centrifugation conditions. The µbeads 

were then transferred to 10 mL 1% Pluronic F107 in PBS for 30 min to allow for swelling before 

sieving using 200 µm, 100 µm, 60 µm, and 20 µm (PluriSelect, Leipzig, Germany) pore size 

strainers. During sieving, µbeads were washed with 50 mL 1xPBS. The collected µbeads were 

then suspended in 1xPBS and washed three times by centrifuging at 14,000 rcf for 5 minutes. 

The µbeads were then suspended in 1xPBS before autoclaving and recovered with the same 

centrifugation conditions. The µbeads were stored at 4°C until further use. 
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Figure 31. Synthesis and characterization of µbead building blocks and Tet-MAP scaffold.  

(A) Overview schematic of the µbead fabrication and purifcation. Fabracation of µbeads was achieved by exposing 

an inverse suspension of 0.53mM HA-Norb, 0.5mM thiolated RGDS, 3.71mM DTT, and LAP in 3% Span80 hexane 
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purged with nitrogen and spinning at 600 rpm to 20mW/cm2 of UV light for 10 minutes. The µbeads were purified 

by washing with hexane 3x, swelling in 1% Pluronics, washing with 1xPBS 3x, and filtering through a 200µm, 

100µm, 60µm, and 20µm Nylon mesh cell strainer filter. A representative image of Alexa-Tet flourescently labeled 

µbeads within each filtered range is depicted. Scale bars = 100µm. (B) Relative frequency by volume of µbead 

diameter distribution, mean diameter of 207.9 ± 48.21µm, 125.8 ± 35.51µm, and 76.59 ± 20.39µm for the 200-

100µm, 100-60µm, and 60-20µm filter ranges. Greater than or equal to 1000 µbeads were analyzed in each range. 

(C) Overview schematic of filtered µbeads post-fabrication flourescent labeling and the idealized schematic of the 

stacking and annealing of thiol-ene µbeads with tetra-PEG-Tet to for a Tet-MAP scaffold (image not to scale). (D) 

Time sweep of Tet-MAP scaffold once tetra-PEG-Tet was added to the packed µbeads shows G‘ of Tet-MAP at 

37°C (blue) and 25°C (black) crosses the G‘ of packed µbeads at 12.6 min and 26.4 min and crosses the annealed 

line, determined by the plateauing of G‘, at 60.5 min and 89.6 min. Scaffiold was prepared using 10 Tet/HA 

annealing ratio. (E) Representative images of Tet-MAP scaffolds at 2.5, 5, 10, 20 Tet/HA annealing ratios. White 

represents µbeads and green represents 2,000 kDa FITC-Dextran for pore visualization. IMARIS rendering was used 

to generated images of the 300 µm acquired z-stacks, the model generated from raw data is depicted on the left half 

of each image and the raw data is depicted on the right half of each image. Scale bars = 200µm.  (F) Storage and loss 

modulus, (G) Young’s modulus (FXIIIa line represents MAP annealed using previously reported K peptide, Q 

peptide and FXIIIa) (µbead line represents packed µbeads only), (H) max stress, and (I) void fraction (cumputed 

using IMARIS) of Tet-MAP scaffolds annealed at  2.5, 5, 10, and 20 Tet/HA ratio.  All µbeads used were from the 

60-100µm filter range. Tukey’s multiple comparison test (P < 0.05). Unless specified otherwise (N = 3). 

5.2.6 µbead Post-Fabrication Modification 

HA-Norb µbeads were modified post-fabrication via inverse electron demand Diels-

Alder tetrazine-norbornene click reaction, in which excess norbornene groups on the µbeads 

were functionalized with Alexa647-Tet to fluorescently tag the µbeads. (Figure 31C) Briefly, the 

µbeads were incubated in 1xPBS containing a final Alexa647-Tet concentration of 0.005 mM at 

37°C for 1 hour under agitation (i.e. 200 µL of µbeads were combined with 100 µL 1xPBS 

containing 0.015 mM Alexa647-Tet (1:13 dilution of the 1 mg/mL Alexa647-Tet stock)). Upon 

completion of the functionalization, the suspended µbeads were pelleted by centrifuging at 

14,000 rcf for 5 minutes. The µbeads were washed three times with 1xPBS and recovered with 

the same centrifugation conditions. The labeled µbeads were stored at 4°C until further use. 

5.2.7 µbead Size Characterization 

 The size of labeled µbeads were characterized by diluting labeled µbeads in 1xPBS 

in a coverslip bottomed polydimethylsiloxane (PDMS) (Sylgard 184 PDMS, Dow Corning) well 

followed by acquiring a z-stacks using Nikon-C1 laser scanning confocal microscope with a 10x 

air objective to obtain a maximum intensity projection. These images were then analyzed using 
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the particle analysis toolkit in ImageJ to obtain diameter measurements of ≥ 1000 µbeads for each 

condition, which were subsequently plotted using the frequency distribution in Prism (GraphPad). 

(Figure 31B) 

5.2.8 Assembly of Tet-MAP Scaffold  

 Macroporous annealed particle (MAP) scaffolds were assembled via inverse electron 

demand Diels-Alder tetrazine-norbornene click reaction, in which excess norbornene groups on 

the µbeads were linked by tetra-PEG-Tet to form tetrazine mediated MAP (Tet-MAP) scaffolds. 

(Figure 1C) The theoretical HA-Norb concentration (0.18 mM) in a volume of pelleted µbeads 

was first calculated by converting the total µbead weight percent, determined by lyophilizing 100 

µL of unlabeled µbeads to get the total mass, using the mass fractions of the µbead contents. 

This theoretical concentration was then used to determine the final tetra-PEG-Tet annealing 

concentrations: 0.11 mM, 0.22 mM, 0.44 mM, and 0.89 mM for tetrazine/HA-Norb (Tet/HA) 

ratio of 2.5, 5, 10, and 20. The volume of tetra-PEG-Tet added to the µbeads was consistent 

across the four Tet/HA conditions, 5/6 of the final Tet-MAP scaffold volume was µbeads and 1/6 

of the volume was concentrated tetra-PEG-Tet (0.22 mM, 0.45 mM, 0.89 mM, and 1.79 mM, 

respectively).  Tet-MAP scaffolds were formed by combining and mixing µbeads with 

concentrated tetra-PEG-Tet at the desired Tet/HA ratio and incubated for 1 hour at 37°C unless 

stated otherwise. All Tet-MAP scaffolds were formed using the 60 - 100 µm bead size filter 

range. 

5.2.9 Analysis of PEG-3Tet-Alexa555 Diffusion into µbeads   

MAP scaffolds containing PEG-3Tet-Alexa555 were assembled via inverse electron 

demand Diels-Alder tetrazine-norbornene click reaction, in which excess norbornene groups on 

the µbeads were linked by a tetra-PEG-Tet solution containing 0.01 mM PEG-3Tet-Alexa555 to 
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form Tet-MAP scaffolds with a labeled annealing location within each bead. (Figure 32) The final 

tetra-PEG-Tet annealing concentrations: 0.10 mM, 0.22 mM, 0.44 mM, and 0.89 mM for 

tetrazine/HA-Norb (Tet/HA) ratio of 2.5, 5, 10, and 20. The volume of tetra-PEG-Tet and PEG-

3Tet-Alexa555 added to the µbeads was consistent across the four Tet/HA conditions, 5/6 of the 

final Tet-MAP scaffold volume was µbeads and 1/6 of the volume was 97 (v/v)% concentrated  

tetra-PEG-Tet (0.64 mM, 1.33 mM, 2.71 mM, and 5.46 mM, respectively) and 3 (v/v)% PEG-

3Tet-Alexa555 (2.26 mM).  Tet-MAP scaffolds with labeled annealing location were formed by 

combining and mixing µbeads with concentrated tetra-PEG-Tet and PEG-3Tet-Alexa555 (PEG-

Tet555) at the desired Tet/HA ratio and incubated for 1 hour at 37°C. All Tet-MAP scaffolds were 

formed using the 60 - 100 µm bead size filter range. 

The distance that PEG-Tet555 diffused into a µbead was calculate in ImageJ after the 

center of a µbead from each Tet/HA condition was imaged using Nikon-C2 laser scanning 

confocal microscope with a 10x air objective. In ImageJ the gray values were measured across 

the diameter of each µbead analyzed. Using the center region, the average gray value of the 

background signal was determined. The diffusion distance into each µbead was the average 

distance that the average gray value of the background signal first intersected the gray value data 

from each edge. This was quantified for three µbeads from each Tet/HA annealing ratio. 
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Figure 32. Analysis of Tetra-PEG-Tet (functionalized with Alexa 555) diffusion into individual µbeads while annealing. 

Representative images of each Tet/HA ratio Tet-MAP condition is shown. White dashed lines represent the intensity 

plot path. The gray value for each bead is plotted verse distance and the red line represents the average background 

signal. The distance tetra-PEG-Tet diffused into each µbeads is plotted for each Tet/HA condition. Calculated from 

the first intersection for each edge of the gray value with the red line. Tukey’s multiple comparison test (P < 0.05). 

Unless specified otherwise (N = 3). 

5.2.10 Characterization of Tet-MAP Scaffold  

The kinetics of annealing Tet-MAP scaffolds were evaluated by subjecting them to 

oscillatory shear at 1 Hz and 1% strain were the evolution of the storage and loss moduli (i.e., G’ 

and G”) could be monitored until the storage modulus plateaued. (Figure 31D) The time sweep of 

µbeads only and Tet-MAP at 25°C and 37°C were evaluated in triplicate with a plate-to-plate 

rheometer (Physica MCR 301, Anton Paar, Ashland, VA) using an 8 mm plate by loading 30 µL 

of µbeads only or Tet-MAP at a 10 Tet/HA ratio between a 0.5 mm plate gap. 

In addition, the swollen networks storage and loss moduli of Tet-MAP scaffolds of varying 

Tet/HA ratios were obtained in strain oscillatory shear at 37 °C. (Figure 31F) Three gels for each 

condition were prepared between two sigmacote (Sigma-Aldrich) coated glass slides (1 mm 

thickness spacer) and allowed to swell overnight in 1xPBS. The linear viscoelastic regime was 

determined through strain sweep (10 Hz; 0.05–100% strain) followed by a frequency sweep (0.01–

100 Hz; 1% strain) used to determine G’ and G” at a normal force of 0.01N.   
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Additional mechanical testing on the Tet-MAP scaffolds was done using a 5500 series 

Instron. (Figure 31G,Figure 31H) A 2.5N load cell with a 3.12 mm diameter tip was used at a 

compression strain rate of 1 mm/min and the hydrogel scaffold was indented 0.8 mm or 80% of 

its total thickness. The Young’s modulus was determined by the slope of the line in the linear 

region where stress is proportional to strain. The max stress or compressive strength is defined as 

maximum stress that a material can withstand while being compressed before breaking and was 

determine by the maximum point on the stress-strain curve. 

5.2.11 Void Fraction 

The void fraction of annealed Tet-MAP scaffolds of various annealing ratios was calculate 

in IMARIS after a 300 µm z-stack series of the µbeads and the labelled void space was acquired 

using Nikon-C2 laser scanning confocal microscope with a 10x air objective (Figure 31E, Figure 

31I) The Tet-MAP scaffolds were incubated with 300 mM triethanolamine (TEOA) containing 1 

µg/mL 2,000 kDa fluorescein isothiocyanate-dextran (FITC-dextran) (Sigma-Aldrich) to fill the 

void space in between µbeads, as it is too large to penetrate the µbead’s polymer network. The z-

stacks were imported into IMARIS to generate surface renders, and void space volumes were 

quantified as a fraction of the total volume represented by the z-stack. 

5.2.12 Cell Culture in Tet-MAP scaffolds 

Human dermal fibroblasts (HDF; Cell Applications, Inc., San Diego, CA) were 

encapsulated at a concentration of 2,000 cells/μL into the Tet-MAP scaffolds and cultured in 

Dulbecco’s modified Eagle’s medium (Thermo Fisher Scientific) containing 5% fetal bovine 

serum (Thermo Fisher Scientific) at 37°C and 5% CO2. The µbeads were equilibrated in media 

for 30 minutes before recovering by centrifugation and annealing with one of the four concentrated 

tetra-PEG-Tet solutions (described above) containing 12,000 cells/μL in media. 15 µL of the Tet-
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MAP solutions with HDFs was pipetted into a coverglass bottomed PDMS well lined with a thin 

layer of 1% agarose to prevent cell attachment to the glass. After annealing, the wells were rinsed 

and filled with 200 µL media.  

Post-encapsulation a set of gels were fixed at day 2 with 4% paraformaldehyde (PFA) 

(Fisher Scientific) for 15 minutes at room temperature after rinsing with 1xPBS. The cultures were 

permeabilized in 0.3% Triton X-100 in PBS and stained using alexa fluor 488 phalloidin (1:40) 

(Invitrogen) for 90 minutes followed by 4’,6-diamidino-2-phenylindole (DAPI) (1:500) (Sigma-

Aldrich) for 10 minutes. The gels were washed with 1xPBS before 300 μm z-stacks were acquired 

on a Nikon-C2 laser scanning confocal microscope with a 20x air objective. The z-stacks were 

imported into IMARIS to generate surface renders, and the occupied volume and the normalized 

cell shape index (CSI) were quantified as the F-actin volume over the total volume represented by 

the z-stack and the CSI over the total cell nuclei. (Figure 33A, Figure 33C, Figure 33D) 

Another set of gels were quantified using the PrestoBlue assay (Thermo Fisher Scientific) 

per manufacturer’s instructions to determine relative proliferation at day 2. (Figure 33B) The 

media in each well was replaced with a solution of 15 µL of the PrestoBlue reagent mixed with 

135 µL of media. After 1 hours, 100 µL from each well were transferred into a 96-well plate and 

fluorescence was read using a BioTek plate reader at an excitation wavelength of 560 nm and an 

emission wavelength of 590 nm. 
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Figure 33. In vitro cellular response to Tet-MAP scaffolds. 

 (A) Representive images and analysis of HDFs in Tet-MAP scaffolds at 2.5, 5, 10, 20 Tet/HA annealing ratios 2 

days postencapsulation. Cells were encapsulated at 2 x 106 cells/mL. White represents µbeads, green represents F-

actin, blue represents cell nucleus (DAPI). IMARIS rendering was used to generated images of the 300 µm z-stack 

aquired z-stacks, the model generated from raw data is depicted on the left and the maginfied raw data is depicted on 

the right. Scale bars = 200µm. (B) Relative proliferation measured by PrestoBlue, (C) occupied volume of HDFs F-

actin measured by IMARIS, and (D) normalized cell shape index (CSI) calculated from IMARIS measurements 

were analyszed for each annealing ratio. All µbeads used were from the 60-100µm filter range. Tukey’s multiple 

comparison test (P < 0.05). Unless specified otherwise (N = 3). 
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5.2.13 Live/Dead 

 HDFs were encapsulated as described above, exchanging media every 2-3 days. Post-

encapsulation a set of gels were used to quantify cell viability on day 1 and day 8. First, the 

live/dead kit (Invitrogen) solution was made per manufacture specification, 0.5 µL of calcein AM, 

2 µL of ethidium homodimer-1, and 997.5 µL of media were combined.  Then, the media in each 

well was replaced with 150 µL of the live/dead kit solution. After 20 minutes each well was 

replaced with media and a 300 µm z-stack was acquired using a Nikon-C2 laser scanning confocal 

microscope with a 10x air objective. These images were then analyzed using the 3D object counter 

toolkit in ImageJ to obtain the total number of live and dead cells for the 2.5 and 20 Tet/HA 

conditions. This data was then plotted using the fraction of total in Prism (GraphPad) generating 

the 95% confidence interval. (Figure 34) 

 

Figure 34. Live/dead of HDFs in 2.5 and 20 Tet/HA ratio annealled Tet-MAP scaffolds after 24 hrs and 8 days.  

Green represents live cells and red represents dead cells. With 95% confidence the fraction of viable cells for the 2.5 

and 20 Tet/HA ratio conditions is between 0.957 to 0.986 and 0.9967 to 0.9998 24 hrs post-annealing and between 

0.930 to 0.965 and 0.981 to 0.996  8 day post-annealing. 

5.2.14 Animal Stroke Model and Sample Analysis 

 Animal procedures were performed in accordance with the US National Institutes 

of Health Animal Protection Guidelines and the University of California Los Angeles Chancellor’s 

Animal Research Committee. The stroke model was performed as previously described. (Figure 
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35A) Briefly, a permanent cortical photothrombotic stroke was induced on young adult C57BL/6 

male mice (8–12 weeks) obtained from Jackson laboratories (Bar Harbor, ME). The mice were 

anesthetized with 5% isoflurane and placed in a stereotactic setup. The mice were kept at 2.5% 

isoflurane in N2O:O2 for the duration of the surgery. A midline incision was made and Rose 

Bengal (10 mg/mL, Sigma-Aldrich) was injected intraperitoneally at 10 μL/g of mouse body 

weight. After 5 minutes, a 2-mm diameter cold fiberoptic light source was centered at 0 mm 

anterior/1.5 mm lateral left of the bregma for 18 minutes and a burr hole was drilled through the 

skull in the same location. All mice were given sulfamethoxazole and trimethoprim oral 

suspension (TMS, 303 mL TMS/250 mL H20, Amityville, NY) every 5 days for the entire length 

of the experiment.  

Five days post-stroke, freshly mixed µbeads with concentrated tetra-PEG-Tet at a Tet/HA 

ratio of 5 was loaded into a 25 µL Hamilton syringe (Hamilton Reno, NV) connected to a pump 

and 6 µL of microgels were injected into the stroke cavity using a 30 gauge needle at a depth of 

0.8 mm and the same stereotaxic coordinates as above at an infusion speed of 1 µL/min. The 

needle was withdrawn from the mouse brain 5 min after the injection to allow for annealing of 

the Tet-MAP scaffold. 

Ten days post-injection, mice were sacrificed via transcardial perfusion of 1xPBS 

followed by 40 mL of 4% PFA. The brains were isolated and post-fixed in 4% PFA overnight 

and submerged in 30 (w/v) % sucrose solution for 48 h. Tangential cortical sections of 30 µm 

thickness were sliced using a cryostat and directly mounted on gelatin-subbed glass slides. Slides 

not immediately stained were kept at -80°C. 

Each slide was rinsed with 1xPBS for 10 minutes at room temperature, dried and outlined 

with a hydrophobic pen (ImmEdge Hydrophobic Barrier PAP Pen, Vector Labs). The slides were 
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then incubated in a blocking solution containing 1xPBS, 0.3% Triton X-100 and 10% normal 

donkey serum for 1-2 h at room temperature. The slides were then incubated in the primary 

antibody at the appropriate dilution in blocking solution overnight at 4°C. After 3x 10 minute 

washes in 1x PBS, the slides were incubated in the secondary antibodies at the appropriate 

dilution in blocking solution for 2 hours at room temperature. The slides were then 

counterstained with the nuclear marker DAPI (1:500, Invitrogen) for 15 minutes at room 

temperature. After allowing the slides to dry at room temperature after 3x 10 minute washes in 

1xPBS, the slides were dehydrated in ascending ethanol baths, incubated in xylene and mounted 

in mounting medium (DPX, Sigma-Aldrich). Primary antibodies were used as follows: rat anti-

glial fibrillary acidic protein (GFAP, 1:100, Abcam, Cambridge, MA, USA) for astrocytes and 

rat anti-CD11b (1:100, Abcam, Cambridge, MA, USA) for microglial and macrophage cells. 

Secondary antibodies, matching the desired primary antibody host, conjugated to Alexa Fluor 

488 (1:500, Jackson Immuno Research, West Grove, PA) were used. A Nikon-C2 laser scanning 

confocal microscope with a 20x air objective used to take fluorescent images represented as 

maximum intensity projections. (Figure 35B, Figure 35C) 

Analyses were performed on microscope images of three coronal brain levels at +0.80, 

−0.80, and −1.20 mm according to bregma, which consistently contained the cortical infarct area. 

The thickness of scar was measured on the ischemic boundary zone within the ipsilateral 

hemisphere on three sections stained for GFAP. The astrocytic (GFAP) infiltration into the 

stroke cavity was measured in ImageJ as the shortest distance from a GFAP+ cell to the ischemic 

boundary zone. (Figure 35D) The inflammation (CD11b) positive area in the infarct and peri-

infarct areaswere quantified using ImageJ and expressed as the area fraction of positive signal 
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per total area (%). (Figure 35E) All measurements were averaged across sections and presented 

per animal. 

 

Figure 35. In vivo cellular response to Tet-MAP scaffold injected into a PT sroke model.  

(A) Overview schematic of PT stroke timeline and procedure. A photosensitive dye, Rose Bengal, was injected to 

the tail vein and the skull was illuminated for 18 minutes using stereotatic coordinate 1.5 mm lateral to the bregma 

midline on the left hemisphere. After 5 days 6 µL of Tet-MAP were injected at 1 µL/minute. After 10 days the brain 

tissue samples were collected for immunostaining. Fluorescent images of (B) GFAP staining showing the poststroke 

astrocyte response and (C) CD11b staining showing the poststroke microglial response. Scale bars = 100µm. White 

star = infarct region. (D) Analysis of GFAP positive response in terms of scar thickness and astrocytic infiltration. 

(E) Analysis of CD11b positive response in terms of positive area in both infarct and peri-infarct regions. Tukey’s 

multiple comparison test (P < 0.05). Unless specified otherwise (N = 5). 
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5.3 Results and Discussion 

This click by click strategy involves the synthesis of HA-Norb µbeads using an inverse 

suspension polymerization method. Briefly, aqueous precursor solutions were prepared and 

transferred to a continuous phase of hexane 249 with 3% Span-80. In order to control microgel size, 

the solution was exposed to low shear through gentle pipetting and then maintained spinning at 

600 rpm while UV light initiated polymerization of the µbeads for 10 min. Particles were 

subsequently washed with hexane, swelled in 1% pluronics in PBS, filtered through nylon mesh 

filters to gate various µbeads ranges, and transitioned to PBS (Figure 31A). The size distribution 

of the µbeads from each filter was characterized using an imageJ particle analyzer (Figure 31B) 

and shown to have a mean diameter of 207.9 ± 48.21, 125.8 ± 35.51, and 76.59 ± 20.39 µm after 

passing through 200 µm, 100 µm, and 60 µm filters, respectively. As expected, µbead size 

distribution tightened as µbeads became further refined through sequential passes of decreasing 

filter size. 

Particles were synthesized with excess norbornene to maximize the degree of 

functionalization for post-fabrication modification and annealing using tetrazine functionalized 

polymers and small molecules (Figure 29, Figure 30). To model small molecule functionalization, 

tetrazine-modified Alexafluor (Figure 28) was conjugated onto µbeads post-fabrication (Figure 

31C).  HA-Norb µbeads were then interlinked using tetrazine-modified Tetra-PEG (Tetra-PEG-

Tet; Figure 27). This annealing method allows for the tuning of the number of links between 

µbeads surfaces independent of µbead fabrication. Scaffolds were considered annealed as 

determined by the storage moduli plateau over time taken at 1 Hz with 1% strain. Notably, 

annealing was shown to be dependent on temperature, requiring 60.5 min and 89.6 min at 37°C 

and 25°C, respectively (Figure 31D). Changing the molar ratio of Tet/HA from 2.5 to 20 was 
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shown to impact scaffold mechanical properties, as assessed by several factors.  By increasing the 

Tet/HA ratio the bulk storage and bulk compressive moduli and the Young’s modulus increased 

(Figure 31F-H)  in addition to the scaffold being able withstand more load (Figure 31I). Yet all 

PEG-Tet annealed networks were stronger than the previously described196 activated 

transglutamase (FXIIIa) annealed networks (Figure 31I). Tetra-PEG-Tet evenly diffuses 

approximately 20-25 µm into each bead for all of the conditions while the scaffold is annealing, 

as visualized by PEG-3Tet-Alexa555 (Figure 32). As such, the observed increase in bulk modulus 

is more likely a result of tighter connections between neighboring µbeads than the stiffening of 

individual beads.  Porosity as a function of Tet/HA ratio was also assessed using a 2,000 kDa 

fluorescein-labeled dextran solution to visualize pores (Figure 31E, Figure 31I). The dextran 

readily diffused throughout open pores but did not penetrate µbeads. IMARIS was used to quantify 

overall porosity and determined that there were no significant differences in void fraction across 

the various Tet/HA ratios, further indicating that the mechanical changes that were observed are 

dependent on the interconnections between µbeads. 

To assess the ability to co-assemble cells and microgels during scaffold fabrication, human 

dermal fibroblasts (HDFs) were selected as a model system. HDFs are responsible for depositing 

new ECM to remodel wounds so being able to manipulate these cells is desirable. HDFs were 

suspended in the µbead solution and encapsulated at 2 x 103 cells/µL. Upon assembly, the cell-

laden Tet-MAP scaffolds were cultured in the Tet/HA ratio extremes and the scaffolds were 

cultured for 24 h and 192 h. Overall cell viability was assessed and showed high survival in both 

conditions (Figure 34). Further evaluation of cell proliferation and cell morphology in the 2.5, 5, 

10, and 20 Tet/HA scaffold networks after 48 h of culture showed HDFs were highly proliferative 

in all conditions (Figure 33A, B).  In the 2.5 and 5 Tet/HA Tet-MAP networks, HDFs proliferated 
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and spread significantly more so than in the 10 and 20 Tet/HA Tet-MAP networks (Figure 33B, 

C). Cell spreading and proliferation decreased as the scaffold rigidity increased, similar to what 

has been observed for other stress-relaxing materials. Using IMARIS, the HDFs were modeled 

and the overall F-actin volume and surface area was used to calculate the new cell shape index 

(CSI) normalized to the overall cell nucleus count. 

 

𝑛𝑒𝑤 𝐶𝑆𝐼 =  
𝑆𝐴𝑐𝑒𝑙𝑙

3

60.75𝜋𝑉𝑐𝑒𝑙𝑙
2 

Equation 4 

SAcell is the surface area of the cell and Vcell is the volume of the cell. As the new CSI increases 

from 1 to ∞ this indicates that cells are becoming more stellated and/or spreading more. Despite 

differences in cell spreading, there was no significant difference in cell shape between the various 

scaffold conditions (Figure 33D). 

After successfully demonstration of cell spreading in our microporous scaffolds, to assess 

the ability of the Tet-MAP scaffold as an injectable therapeutic scaffold, a mouse photothrombotic 

(PT) stroke model was selected as a model system. Following stroke induction and localized cell 

death, a stroke cavity forms upon the removal of cell debris, leaving a void volume to transplant 

therapies without further damaging the surrounding healthy tissue (Figure 35A). The peri-infarct 

tissue is directly adjacent to this cavity and is the region of the brain that undergoes the most 

substantial repair post-stroke. This provides us a unique opportunity to develop regenerative tissue 

engineering therapies like Tet-MAP that can be injected post-stroke to promote brain repair. 

Previous work in our lab from Nih and Sideris showed that the use of HA MAP gels annealed by 

FXIIIa reduced brain inflammation post-stroke, by promoting astrocyte infiltration into the stroke 

cavity rather than scar formation and reduced the total number of reactive microglia or 
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macrophages within the infarct and peri-infarct.250 These events lead to an environment that 

allowed for neuroprogenitor cell migration into the material and stroke cavity. Here we aimed to 

assess the effects of varying bead size and annealing chemistry on the therapeutic effects seen by 

the MAP hydrogel scaffold. MAP scaffolds with a Tet/HA ratio of 5 were used to match the 

modulus of the surrounding brain tissue. These scaffolds were found to reduce astrocytic scar 

formation and allowed for astrocyte infiltration into the stroke cavity as compared to the no gel 

control (Figure 35B, D). The Tet-MAP scaffold also did not induce an inflammatory reaction as 

assessed by the absence of CD11b+ microglia and macrophages (Figure 35C, E). Together these 

findings suggest no significant difference in therapeutic response compared to previously reported 

FXIIIa HA MAP scaffolds used in an identical stroke model.  Thus, while changing the chemistry 

of the µbeads and the annealing method does allow for straightforward tuning of mechanical 

properties and cellular responses in vitro, there is no adverse effect on the proven therapeutic 

impact of the MAP scaffold in the context of an ischemic stroke. The new annealing method is 

bio-orthogonal and the material is more tightly annealed than previous methods so the annealler 

alone will not be a parameter that could influence the tissue response. 

5.4 Conclusion 

Tet-MAP scaffolds crosslinked using click-by-click chemistry were developed to be able 

to easily tune material properties for the study of cell behavior in vitro and for therapeutic use in 

vivo. The modulation of the Tet/HA ratio to tune how rigid of the Tet-MAP scaffold is a parameter 

that has not yet been evaluated in this material platform. By manipulating the annealing ratio we 

were able to tune the rigidity of the scaffold, and observed higher proliferation/spreading for HDFs 

as scaffold rigidity increased. We then confirmed the platforms ability to be utilized in vivo, 

observing a reduction in scar thickness, an increase in GFAP+ cell infiltration, and a decrease in 
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CD11b+ cells in the infarct and peri-infarct space  for the Tet-MAP condition as compared to the 

stroke only control. This platform holds potential to investigate how different µbead properties 

like size, shape, mechanical strength, topography/porosity, and biochemical composition impact 

the cellular response. 
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VI Employing Cryobeads to Manipulate the Microarchitecture 

of Injectable Microporous Scaffolds for Stroke Repair 

6.1 Introduction 

Hydrogels are three-dimensional hydrophilic polymer networks that are widely employed 

as matrices for cell culture with numerous applications in tissue engineering.157,239 Over the last 

two decades, advances in material design that have been implemented in tissue systems other than 

the brain to evaluate how material porosity, topography and mechanical cues control the cellular 

response within the biomaterial.240,241,251 Only recently has porosity been explored in the context 

of brain repair and future work will need to optimize the pore size of a material for the desired 

cellular response, such as for neurogenesis, axonogenesis or vasculogenesis.250 The microstructure 

of the hydrogel scaffold can influence cell-material interaction like, cell attachment and cell 

migration and protein adsorption or adsorption. It can also be characterized by the porosity and 

topography of the scaffold.21,23  

As discussed in section 2.4.2, injectable cryogels have gained significant traction as 

preformed alternatives to in situ gelling materials. These cryogels are sponge-like, microporous 

assemblies that can be delivered via injection even after gelation is complete due to an inherent 

capability to collapse to a fraction of their hydrated size82,191. Typically, these materials are formed 

by dissolving polymeric precursors and crosslinking initiators in water and freezing them at 

subzero temperatures. As these solutions freeze the dissolved solutes become concentrated in 

tightly confined non-frozen regions along grain boundaries where they can be incubated as 

polymerization takes place. Upon completion of the polymerization process, the material is heated 

to thaw the interspersed ice crystals and leaves behind fully formed hydrogels. 
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The highly interconnected micro-porosity of cryogels allows cells to easily migrate 

throughout the materials, making them an ideal environment for cellular delivery. Here we have 

developed cryobeads from the previously established µbeads to evaluate how nano-porous 

building blocks verse micro-porous building blocks of the macroporous scaffold effects the 

material characteristics and tissue response in the context of brain repair. 

Macroporous scaffolds are being increasingly used in regenerative medicine and tissue 

repair. While recently developed microporous annealed particle (MAP) scaffolds have overcome 

issues with injectability and in situ hydrogel formation, little has been done to implement and 

evaluate the effect of material porosity and topography on brain repair in vivo. To address this gap 

in knowledge, we synthesized microporous microgel (cryobead) building blocks using sublimation 

of ice crystals to create pores in microgels (µbeads).  Scaffolds annealed from µbeads and/or 

cyrobeads using the tetrazine-norbornene click reaction, previously established, resulted in an 

increased void fraction when cyrobeads were used as the scaffolds building blocks. Furthermore, 

the maximum stress that the scaffolds could withstand decreased as cryobead concentration 

increased. Importantly, the incorporation of cryobeads does not significantly change the Young’s 

modulus of the material. Finally, an injection of µbeads, cryobeads, or a 50:50 mixer of 

µbeads:cryobeads into an in-vivo stroke model, allowed for enhanced tissue integration within 

each of the scaffolds, MAP, cryoMAP, or 50:50MAP, respectively. Similar to previously reported 

MAP scaffold injections used in strokes, the resulting overall astrocytic scar thickness was 

significantly reduced for all conditions so the increased porosity and topography did not change 

reactive astrocyte response. As the concentration of cryobeads within the scaffolds increased there 

was an overall reduction in CD11b+ immune cell infiltration into the infarct and peri-infarct space, 

with all scaffolds reduced in comparison to having no scaffold present.  Interestingly, as the 
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cryobead concentration increases within the scaffolds there is a trending increase of Glut-1+ cells 

in the infarct and peri-infarct space but a trending decrease of NF200+ cells in the infarct. 

6.2 Materials and Methods 

6.2.1 Synthesis of Tetra-PEG-Tet 

Tetra-polyethylene glycol-tetrazine (Tetra-PEG-Tet) was synthesized through a base-

catalyzed thiol-Michael addition by dissolving 100 mg of tetra-PEG-SH (MW: 20,000 Da) (NOF 

America, White Plains, NY) and 15 mg of methyltetrazine-PEG4-maleimide (MW: 514.53 Da) 

(Kerafast, Boston, MA) in 0.5 mL CDCl3 (Maleimide/SH ratio of 1.05), then adding 1 µL of 

triethylamine (TEA) (0.5 molar equivalent). (Figure 26B) The mixture was stirred at room 

temperature for 4 hrs. The product was precipitated in 50 mL cold diethyl ether and confirmed by 

1H-NMR with 98% conversion. (Figure 27) 

 

6.2.2 Synthesis of Alexa647-Tet 

 Alexa Fluor 647 C2-tetrazine (Alexa647-Tet) was synthesized through two base-

catalyzed thiol-Michael addition reactions in series. (Figure 28) First, by dissolving 2.8 mg of HS-

PEG-SH (MW: 3500 Da) (JenKem Technology USA, Plano, TX) (1 molar equivalent to Alexa 

Fluor C2 maleimide) and 0.41 mg of methyltetrazine-PEG4-maleimide (MW: 514.53 Da) 

(Kerafast, Boston, MA) (1 molar equivalent to Alexa Fluor C2 maleimide) in 0.17 mL CDCl3, 

then adding 0.11 µL of triethylamine (TEA) (0.5 molar equivalent). The mixture was stirred at 

room temperature overnight. Next, by dissolving 1 mg Alexa Fluor 647 C2 maleimide (MW: 1250 

Da) (Thermo Fisher Scientific) in 0.17 mL CDCl3, then adding the reaction mixture and 0.11 µL 

of triethylamine (TEA) (0.5 molar equivalent). The mixture was stirred at room temperature 

overnight. The product was precipitated in 10 mL of cold diethyl ether and dried under vacuum  
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6.2.3 Synthesis of HA-Norb 

Hyaluronic acid-norbornene (HA-Norb) was synthesized through the subsiquent activation 

and functionalization of the HA carboxylic acid group by dissolving 1.0 g of HA (MW 60,000 Da) 

(Genzyme, Cambridge, MA) and 3.1 g 4-(4,6-Dimethoxy[1.3.5]triazin-2-yl)-4-

methylmorpholinium chloride (DMTMM) (MW: 294.74 Da) (TCI America, Portland, OR) (4 

molar equivalents) each in 40 ml of 200 mM MES buffer, pH 5.5, combining the solutions and 

allowing the reaction to stirr for 10 min. Then 0.677 mL of 5-Norbornene-2-methanamine (a 

mixture of isomers) (NMA) (TCI America, Portland, OR) (2 molar equivalents) was added drop 

wisely in to the mixture. The reaction was stirred at room temperature overnight and then 

precipitated in 1L of 100% Ethanol. (Figure 26C) All precipitates were collected and dissolve in 

2M brine solution and dialyzed against DI water for 30 minutes, 1M brine solution for 30 minutes. 

This dialysis process was repeated 3 times and then dialyzed against DI water for 24 hours. The 

final solution was collected and lyophilized to yield the final product. HA-Norb was confirmed by 

1H-NMR with 44% Norb functionalization. 1H NMR shifts of pendant norbornenes in D20, δ6.33 

and δ6.02 (vinyl protons, endo), and δ6.26 and δ6.23 ppm (vinyl protons, exo), where compared 

to the HA methyl group δ2.05 ppm to determine functionalization. All equivalents are based on 

the moles of the HA repeat unit. (Figure 29, Figure 30) 

 

6.2.4 µbead Synthesis 

HA-Norb µbeads were prepared via inverse suspension photo-polymerization, in which 

HA-Norb containing clustered Ac-RGDSPGERCG-NH2 (RGD) (Genscript, Piscataway, NJ) was 

polymerized with dithiothreitol (DTT) (Sigma-Aldrich) via radically-mediated thiol-norbornene 

click reaction in an aqueous phase that was suspended in an organic phase. (Figure 31A) Briefly, 
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the organic phase was comprised of 10 mL of hexane containing 300 mg, 3 wt%, of sorbitan 

monooleate (Span 80) (Sigma-Aldrich). The volume of the aqueous phase was 6 mL comprised of 

300 mM HEPES buffer (Thermo Fisher Scientific) at pH 8.3 with 0.5 mM of HA-Norb, 0.5 mM 

RGD, 3.5 mM DTT (SH/HA ratio of 14), 1.875 mM tris(2-carboxyethyl)phosphine (TCEP) 

(Sigma-Aldrich) (TCEP/SH ratio of 0.25)  and 4.25 mM lithium phenyl(2,4,6-

trimethylbenzoyl)phosphinate photo-initiator (LAP) (TCI America, Portland, OR). The RGD was 

initially clustered onto HA-Norb by combining 0.25 mM HA-Norb, 0.5 mM RGD (Clustering ratio 

of 2 RGD/HA), 1.875 mM TCEP and 0.15 mM LAP in 3.78 mL of HEPES and exposing the 

mixture to 10 mW/cm2 of UV light for 1 minutes. The mixture was then combined with the DTT 

and the remaining HA-Norb and LAP. This final gel precursor solution was then pipetted into a 

round-bottom flask containing the organic phase continuously stirring at 600 rpm and bubbled 

with nitrogen to minimize oxygen quenching of radicals and then mixed by pipetting up and down 

9 times to generate a stable inverse suspension. The flask’s contents were then exposed to UV light 

at 20 mW/cm2 for 10 minutes to initiate polymerization. 

Upon completion of the polymerization, the suspension was transferred into a conical tube and 

centrifuged at 1000 rcf for 1 minute and the supernatant was decanted. The µbeads were washed 

twice with hexanes and recovered with the same centrifugation conditions. The µbeads were then 

transferred to 10 mL 1% Pluronic F107 in PBS for 30 min to allow for swelling before sieving 

using 200 µm, 100 µm, 60 µm, and 20 µm (PluriSelect, Leipzig, Germany) pore size strainers. 

During sieving, µbeads were washed with 50 mL 1xPBS. The collected µbeads were then 

suspended in 1xPBS and washed three times by centrifuging at 14,000 rcf for 5 minutes. The 

µbeads were then suspended in 1xPBS before autoclaving and recovered with the same 

centrifugation conditions. The µbeads were stored at 4°C until further use. 
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6.2.5 µbead Post-Fabrication Modification 

HA-Norb µbeads were modified post-fabrication via inverse electron demand Diels-

Alder tetrazine-norbornene click reaction, in which excess norbornene groups on the µbeads 

were functionalized with Alexa647-Tet to fluorescently tag the µbeads. (Figure 31C) Briefly, the 

µbeads were incubated in 1xPBS containing a final Alexa647-Tet concentration of 0.005 mM at 

37°C for 1 hour under agitation (i.e. 200 µL of µbeads were combined with 100 µL 1xPBS 

containing 0.015 mM Alexa647-Tet (1:13 dilution of the 1 mg/mL Alexa647-Tet stock)). Upon 

completion of the functionalization, the suspended µbeads were pelleted by centrifuging at 

14,000 rcf for 5 minutes. The µbeads were washed three times with 1xPBS and recovered with 

the same centrifugation conditions. The labeled µbeads were stored at 4°C until further use. 

6.2.6 Cryobead synthesis  

 The µbeads were pelleted and the supernatant was removed to “dry” the µbeads. The 

µbeads where then flash frozen in liquid nitrogen and lyophilized overnight to remove the water, 

leaving the crystal structure within the µbead. (Figure 36) 

6.2.7 µbead/Cryobead Characterization 

Labeled µbeads and cryobeads were characterized by diluting the beads in a 300 mM 

triethanolamine (TEOA) solution containing 1 µg/mL 2,000 kDa fluorescein isothiocyanate-

dextran (FITC-dextran) (Sigma-Aldrich) to fill the pores within the µbeads or cryobeads. Once 

added to a  coverslip bottomed polydimethylsiloxane (PDMS) (Sylgard 184 PDMS, Dow Corning) 

well, z-stacks were acquired using Nikon-C1 laser scanning confocal microscope with a 10x or 

20x air objective to obtain a maximum intensity projection. The z-stacks imported into IMARIS 

to generate surface renders of both individual beads and the pores within them. To quantify the 

void space volume of individual beads as a fraction of the total volume one minus the beads surface 
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volume fraction and void space volume fraction we averaged to generate the overall void space 

fraction within ≥ 5 µbeads/cryobeads. 

  

Figure 36. Cryobeads made from µbeads. 

(A) Schematic of cryobead farication by first freezing dry µbeads and then lyophilizing the crystals to leave interconnected pores 

within the µbead. (B) Plot of the void fraction calculated through IMARIS rendering. (C) Representative images of µbeads and 

the nanoporous makeup. (D) Representative images of cryobeads and the microporous makeup. Tukey’s multiple comparison test 

(P < 0.05).   
 

6.2.8 Assembly of Tet-MAP/Cryo Scaffolds 

 Macroporous annealed particle (MAP) scaffolds were assembled via inverse electron 

demand Diels-Alder tetrazine-norbornene click reaction, in which excess norbornene groups on 

the µbeads/cryobeads were linked by tetra-PEG-Tet to form tetrazine mediated MAP (Tet-MAP) 

scaffolds. Scaffolds were annealed at a final tetra-PEG-Tet annealing concentrations of 0.22 mM 
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or 0.44 mM for a tetrazine/HA-Norb (Tet/HA) ratio of 5 or 10. The volume of tetra-PEG-Tet 

added to the µbeads/cryobeads was consistent across the four Tet/HA conditions, 5/6 of the final 

Tet-MAP scaffold volume was “dry” µbeads/cryobeads and 1/6 of the volume was concentrated 

tetra-PEG-Tet (0.45 mM or 0.89 mM, respectively).  Tet-MAP scaffolds were formed by 

combining and mixing µbeads/cryobeads with concentrated tetra-PEG-Tet at the desired Tet/HA 

ratio and incubated for 1 hour at 37°C unless stated otherwise. All scaffolds were formed using 

the 60 - 100 µm µbeads size filter range and the 100 – 200 µm cryobead size range. 

6.2.9 Characterization of Tet-MAP/Cryo Scaffolds  

The swollen networks storage and loss moduli of Tet-MAP/cryo scaffolds of both Tet/HA 

ratios were obtained in strain oscillatory shear at 37 °C. Three gels for each condition were 

prepared between two sigmacote (Sigma-Aldrich) coated glass slides (1 mm thickness spacer) and 

allowed to swell overnight in 1xPBS. The linear viscoelastic regime was determined through a 

strain sweep (10 Hz; 0.05–100% strain) used to determine G’ and G” and the cross over point at a 

normal force of 0.01N.   

Additional mechanical testing on the Tet-MAP/cryo scaffolds was done using a 

MicroStrain Analyzer. A 2.5N load cell with an 8 mm diameter tip was used at a compression 

strain rate of 1 mm/min and the hydrogel scaffold was indented 0.2 mm or ~90% of its total 

thickness. The Young’s modulus was determined by the slope of the line in the linear region where 

stress is proportional to strain. The max stress or compressive strength, defined as maximum stress 

that a material can withstand while being compressed before breaking, was determine by the initial 

local maximum point on the stress-strain curve. 
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6.2.10 Void Fraction 

The void fraction of annealed Tet-MAP/cyro scaffolds of various annealing ratios was 

calculate in IMARIS after a 300 µm z-stack series of the µbeads/cryobeads and the labelled void 

space was acquired using Nikon-C2 laser scanning confocal microscope with a 20x air objective. 

The Tet-MAP/cryo scaffolds were incubated with 300 mM triethanolamine (TEOA) containing 1 

µg/mL 2,000 kDa fluorescein isothiocyanate-dextran (FITC-dextran) (Sigma-Aldrich) to fill the 

void space in between µbeads/cryobeads, as it is too large to penetrate the µbead’s polymer 

network. The z-stacks were imported into IMARIS to generate surface renders, and void space 

volumes were quantified as a fraction of the total volume represented by the z-stack. 

6.2.11 Animal Stroke Model and Sample Analysis 

Animal procedures were performed in accordance with the US National Institutes of Health 

Animal Protection Guidelines and the University of California Los Angeles Chancellor’s Animal 

Research Committee. The stroke model was performed as previously described. (Figure 35A) 

Briefly, a permanent cortical photothrombotic stroke was induced on young adult C57BL/6 male 

mice (8–12 weeks) obtained from Jackson laboratories (Bar Harbor, ME). The mice were 

anesthetized with 5% isoflurane and placed in a stereotactic setup. The mice were kept at 2.5% 

isoflurane in N2O:O2 for the duration of the surgery. A midline incision was made and Rose 

Bengal (10 mg/mL, Sigma-Aldrich) was injected intraperitoneally at 10 μL/g of mouse body 

weight. After 5 minutes, a 2-mm diameter cold fiberoptic light source was centered at 0 mm 

anterior/1.5 mm lateral left of the bregma for 18 minutes and a burr hole was drilled through the 

skull in the same location. All mice were given sulfamethoxazole and trimethoprim oral 

suspension (TMS, 303 mL TMS/250 mL H20, Amityville, NY) every 5 days for the entire length 

of the experiment.  
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Five days post-stroke, freshly mixed µbead/cryobeads with concentrated tetra-PEG-Tet at 

a Tet/HA ratio of 5 was loaded into a 25 µL Hamilton syringe (Hamilton Reno, NV). Once 

connected to a pump and 6 µL of microgels were injected into the stroke cavity using a 30 gauge 

needle at a depth of 0.8 mm and the same stereotaxic coordinates as above at an infusion speed 

of 1 µL/min. The needle was withdrawn from the mouse brain 5 min after the injection to allow 

for annealing of the Tet-MAP/cryo scaffold. 

Ten days post-injection, mice were sacrificed via transcardial perfusion of 1xPBS 

followed by 40 mL of 4% PFA. The brains were isolated and post-fixed in 4% PFA overnight 

and submerged in 30 (w/v) % sucrose solution for 48 h. Tangential cortical sections of 30 µm 

thickness were sliced using a cryostat and directly mounted on gelatin-subbed glass slides. Slides 

not immediately stained were kept at -80°C. 

Each slide was rinsed with 1xPBS for 10 minutes at room temperature, dried and outlined 

with a hydrophobic pen (ImmEdge Hydrophobic Barrier PAP Pen, Vector Labs). The slides were 

then incubated in a blocking solution containing 1xPBS, 0.3% Triton X-100 and 10% normal 

donkey serum for 1-2 h at room temperature. The slides were then incubated in the primary 

antibody at the appropriate dilution in blocking solution overnight at 4°C. After 3x 10 minute 

washes in 1x PBS, the slides were incubated in the secondary antibodies at the appropriate 

dilution in blocking solution for 2 hours at room temperature. The slides were then 

counterstained with the nuclear marker DAPI (1:500, Invitrogen) for 15 minutes at room 

temperature. After allowing the slides to dry at room temperature after 3x 10 minute washes in 

1xPBS, the slides were dehydrated in ascending ethanol baths, incubated in xylene and mounted 

in mounting medium (DPX, Sigma-Aldrich). Primary antibodies were used as follows: rat anti-

glial fibrillary acidic protein (GFAP, 1:100, Abcam, Cambridge, MA, USA) for astrocytes and 
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rat anti-CD11b (1:100, Abcam, Cambridge, MA, USA) for microglial and macrophage cells. 

Goat anti-doublecortin (1:40, DCX, Abcam, MA, USA) for neural progenitor cells (NPCs), 

rabbit anti-NF200 (1:100, Sigma-Aldrich), and glucose transporter-1 (Glut-1, Abcam, 

Cambridge, MA, USA) for endothelial cells. Secondary antibodies, matching the desired primary 

antibody host, conjugated to Alexa Fluor 488 (1:500, Jackson Immuno Research, West Grove, 

PA) were used. A Nikon-C2 laser scanning confocal microscope with a 5x and 20x air objective 

used to take fluorescent images represented as maximum intensity projections.  

Analyses were performed on microscope images of three coronal brain levels at +0.80, 

−0.80, and −1.20 mm according to bregma, which consistently contained the cortical infarct area. 

The thickness of scar was measured on the ischemic boundary zone within the ipsilateral 

hemisphere on three sections stained for GFAP. The astrocytic (GFAP) infiltration into the 

stroke cavity was measured in ImageJ as the shortest distance from a GFAP+ cell to the ischemic 

boundary zone. The CD11b, DCX, NF200, and Glut-1 positive area in the infarct and peri-infarct 

(defined as 300 µm from the infarct edge) areas were quantified using ImageJ and expressed as 

the area fraction of positive signal per total area (%). All measurements were averaged across 

sections and presented per animal. 

 

6.3 Results and Discussion 

Our strategy of manipulating the porous architecture of the µbeads involves the same 

principles used to form bulk cryogels. Briefly, HA-Norb µbeads filtered between 100-200 µm in 

size were tetrazine-modified with Alexafluor 555, pelleted removing all the surrounding liquid 

(“dry”), and frozen at -80°C to form ice crystals within the remaining liquid with in the µbead 

hydrogels. In order to permanently capture the crystal structure with in the µbeads they were 
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lyophilized (Figure 36A). This allowed sublimation to occur leaving the µbeads, now cryobeads, 

with an interconnected microporous structure as compared to the nanoporous structure of the 

original µbead and resulting in a bead void fraction of 0.401 ± 0.05 verse 0.015 ± 0.02 for the 

original µbead (Figure 36B). This porosity was assessed using a 2,000 kDa fluorescein-labeled 

dextran solution to visualize pores (Figure 36C-D). The dextran readily diffused throughout open 

pores but did not penetrate nanoporous µbeads or nanoporous struts of the cryobeads. IMARIS 

was used to quantify overall porosity.  

Particles were synthesized with excess norbornene (~40-50mM) to maximize the degree 

of possible crosslinking sites using tetrazine-modified Tetra-PEG (Tetra-PEG-Tet). This annealing 

method allows for tighter connections between the µbeads that FXIIIa annealing as determined in 

chapter V and allows for the annealing of cryobeads. The void fractions of 100% µbeads annealed 

MAP scaffold, 50% µbeads and 50% cryobeads (50:50) annealed MAP scaffold, and 100% 

cryobeads (Cryo) annealed MAP scaffold (Figure 37B) where shown to be 0.287 ± 0.02, 0.288 ± 

0.03, and 0.4407 ± 0.015, respectively (Figure 37A).  This porosity was assessed using a 2,000 

kDa fluorescein-labeled dextran solution to visualize pores (Figure 37C). IMARIS was used to the 

render the scaffold and void space to determine the volume fraction of each.  Interestingly, a 

theoretical void fraction for the Cryo scaffold (0.573) can be calculated using the MAP scaffold 

void fraction and the cryobead void fraction. The experimental value for void fraction of the Cryo 

scaffold is less than this which may indicated that the cryobeads are potentially packing more than 

µbeads (Figure 37C).  
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Figure 37. Scaffold Porosity influenced by cryobeads/µbeads encorporation.  

(A) Void fraction of the MAP, 50:50, and Cryo scaffold conditions represented in (B). (C) IMARIS renders (left half of scaffold 

images) and raw confocal data (right half of scaffold images) to visualize the void space with 2,000 kDa FITC-dextran for the 

three conditions. Tukey’s multiple comparison test (P < 0.05).   

 

To anneal the µbeads/cryobeads together into a MAP/50:50/Cryo scaffold PEG-Tet, 

synthesized and characterized in chapter V, was used at a tet/HA ratio of 5 or 10. The bead 

solutions were pelleted and care was take to remove all the excess liquid. Once the beads were 

combined the PEG-Tet was added, as done in chapter V, making up 1/6 of the total volume. The 

gels were then placed between two slides or in a 3 mm thick 8 mm diameter well to anneal for 1 

hr at 37 °C. The scaffolds’ mechanical properties were characterized by rheology an amplitude 

sweep from 0.5-100% strain at 1Hz and a compression test on the microstrain analyzer, 

compressed to within 90% of the total gel thickness at a rate of 1 mm/min, at an annealing ratio 

(tet/HA) of both 5 and 10 (Figure 38). The rheological measures show that we are working with 
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and elastic material, as demonstrated in chapter V, and no differences between the three scaffold 

for storage modulus or crossover point indicated by a tanδ = 1 (Figure 38A). Notably, for the 5 

tet/HA annealing ratio the Cryo scaffold had a significantly lower Young’s Modulus of 3626 Pa 

as compared to the MAP and 50:50 scaffold at 4988 Pa and 4843 Pa and the MAP scaffold 

withstood the highest maximum stress at 2350 Pa as compared to 50:50 and Cryo at 1473 Pa and 

716.6 Pa (Figure 38B). Each gel can be visualized within the linear region (1), around maximum 

load (2), and after breaking (3) in Figure 38C. Previous work done to characterize bulk cryo 

scaffolds has demonstrated that bulk cryogel’s have an increased ability to withstand stress.21 This 

trend in not observed with the 5 tet/HA annealing ratio scaffolds likely do to how securely one 

cryobead is linked to another cyrobead.  Changing the molar ratio of tet/HA from 5 to 10 was 

shown in chapter V to impact scaffolds mechanical properties and here we see that the all the 

scaffolds stiffened and the variation between scaffolds was reduced.  By increasing the Tet/HA 

ratio the crossover strain indicated by a tanδ = 1 was significantly higher than the MAP and 50:50 

scaffold (Figure 38C). In addition to the Cryo scaffold now being able to withstand more load the 

bulk modulus properties described by the storage modulus and Young’s modulus were no longer 

significantly different between the three scaffolds (Figure 38C-D). Moving in vivo we used 5 

tet/HA annealing ratio, as was done in chapter V, to evaluate how changing the microporous 

structure of the µbead effect stroke regeneration as the final modulus properties better matched the 

mechanical properties of the surrounding tissue. 
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Figure 38. Characterization of MAP, 50:50, and Cryo scaffolds mechanical properties.  

The amplitude sweep from 0.5-100% strain at 1Hz for 5 Tet/HA (A) and 10 Tet/HA (C) annealing concentrations were used to 

determine the storage modulus at 1% strain and the crossover strain, tan δ = 1. The Young’s modulus was calculated be the slope 

of the linear region of the true stress/true strain curve generated from a steady compression of 1mm/min on 5 Tet/HA (B) and 10 

Tet/HA annealing concentrations. The maximium stress or maximium yield is characterized by the local maximium following the 

linear region. Tukey’s multiple comparison test (P < 0.05).   
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After successfully demonstration of cryobead fabrication and bulk annealing of 

nanoporous and microporous beads into a macroporous scaffold, a mouse photothrombotic (PT) 

stroke model was selected to assess the ability of microarchitecture to manipulate the therapeutic 

capacity of the injectable scaffold.  Briefly, following stroke induction a stroke cavity forms upon 

the removal of cell debris leaving a void volume to transplant therapies without further damaging 

the surrounding healthy tissue.252 The peri-infarct tissue is directly adjacent to this cavity and is 

the region of the brain that undergoes the most substantial repair post-stroke.253 This provides us a 

unique opportunity to develop regenerative tissue engineering therapies like the reported MAP 

scaffolds that can be injected post-stroke to promote brain repair. Previous work in our lab from 

Nih and Sideris showed that the use of HA MAP gels annealed by FXIIIa reduced brain 

inflammation post-stroke, by promoting astrocyte infiltration into the stroke cavity rather than scar 

formation and reduced the total number of reactive microglia or macrophages within the infarct 

and peri-infarct tissue.250 These events lead to an environment that allowed for neuroprogenitor 

cell migration into the material and stroke cavity. Here we aimed to assess the effects of 

microarchitecture, specifically looking at the bulk and local scaffold porosity while also noting 

that the surface topography of the MAP scaffold build blocks is altered by altering the porosity of 

the µbead which makes the scaffold made of µcryobeads rougher.  MAP, 50:50, and Cryo scaffolds 

with a tet/HA ratio of 5 were used to match the modulus of the surrounding brain tissue. All 

scaffolds were found to reduce astrocytic scar formation and allowed for astrocyte infiltration into 

the stroke cavity as compared to the no gel control (Figure 39A, C). These scaffold also had a 

reduced inflammatory reaction as assessed by the absence of CD11b+ microglia and macrophages 

(Figure 39B, D). Together these findings suggest no significant difference in therapeutic response 

of CryoMAP scaffolds compared to previously reported MAP discussed in chapter V.  Thus, 
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changing the porosity and topography of the µbeads has no adverse effect on the proven therapeutic 

impact of the MAP scaffold in the context of an ischemic stroke.  

 

Figure 39. In vivo glial cell response to MAP, 50:50, and Cryo scaffold injected into a PT sroke model.  

Fluorescent images of (A) GFAP staining showing the poststroke astrocyte response and (B) CD11b staining showing the 

poststroke microglial response. Scale bars = 100µm. White star = infarct region. (D) Analysis of GFAP positive response in 

terms of scar thickness and astrocytic infiltration. (E) Analysis of CD11b positive response in terms of positive area in both 

infarct and peri-infarct regions. Tukey’s multiple comparison test (P < 0.05). Unless specified otherwise (N = 5).No gel imaes not 

show. 
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We next aimed to assess the effects of microarchitectured on vasculargenesis, and 

neurogenesis.  Notably, Cryo scaffolds were found to significantly increase the presence of Glut-

1+ cells in the peri-infarct region (Figure 40A, B) and the inclusion of cryobeads tended to increase 

the Glut-1+ cells within the infarct region. Inversely, inclusion of cryobeads tended to decrease the 

NF200+ cells within the infarct region (Figure 40E, G). These findings suggest the increased 

porosity by include cyrobeads or the topography of the cryobeads are influence how in what types 

of cells are infiltrating the peri-infarct and infarct regions.  
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Figure 40. In vivo vascular and neuronal cell response to MAP, 50:50, and Cryo scaffold injected into a PT sroke model.  

Fluorescent images of (A) Glut-1 staining showing the poststroke vascular response and analysis of Glut-1 (B) and DAPI (C) 

positive response in both the infarct and peri-infacrt regions. Fluorecent images of (D) DCX staining and (E) NF200 staining 

showing the poststroke neuro progenitor and axon response. Scale bars = 100µm. White star = infarct region. Analysis of (F) 

DCX, and (G) NF200 positive response in terms of positive area in both infarct and peri-infarct regions. Tukey’s multiple 

comparison test (P < 0.05). Unless specified otherwise (N = 5). 
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6.4 Conclusion 

Cryobeads were developed from the original µbead used to for the Tet-MAP scaffolds to 

tune the microarchitecture of the injectable material platform. The modulation of the µbead 

porosity and topography is a parameter that has not yet been evaluated in this material platform. 

By manipulating the bead porosity we were able to tune the scaffold porosity, tuning the stress 

response and bulk modulus of the material. We then confirmed the platforms ability to be utilized 

in vivo, observing a reduction in scar thickness, an increase in GFAP+ cell infiltration, and a 

decrease in CD11b+ cells in the infarct and peri-infarct space all conditions as compared to the 

stroke only control. Also, observing an increase in Glut-1 positive cells in the peri-infarct region 

for Cryo scaffolds over the MAP and 50:50 scaffolds. This platform holds potential to investigate 

how topography/porosity of µbeads alone impacts the cellular response while also providing an 

addition build block through with to deliver biochemical cues to further guide the cellular response. 
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VII Injectable and spatially patterned microporous annealing 

particle (MAP) hydrogels for tissue repair applications 

7.1 Introduction 

Spatially patterned hydrogels are becoming increasingly popular in the field of regenerative 

medicine and tissue repair because of their ability to guide cell infiltration and migration. However, 

post-fabrication technologies are usually required to spatially pattern a hydrogel, making these 

hydrogels difficult to translate into the clinic. Here, we report the first injectable spatially patterned 

hydrogel using Hyaluronic acid (HA) based particle hydrogels. These particle hydrogels are 

sequentially loaded into a syringe to form a pattern and once injected maintain the pattern. We 

examine the applicability of this hydrogel in a wound healing skin model, a subcutaneous implant 

model, as well as a stroke brain model and show distinct patterning in all models tested. This 

injectable and spatially patterned hydrogel can be used to create physical or biochemical gradients. 

Further, this design can better match the scaffold properties within the physical location of the 

tissue (e.g. wound border versus wound center). This allows for better design features within the 

material that promote repair and regeneration.  

 

Figure 41. Visual Abstract of Injectable Layers 
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The extracellular matrix (ECM) is a heterogeneous network of biopolymers including 

complex proteins and sulfated and non-sulfated glycosaminoglycans that provide mechanical 

support and organization to the tissue, and spatiotemporal presentation of chemical cues 254. 

Collectively, these features control cell growth, migration, and differentiation, which lead to tissue 

homeostasis. After injury, the ECM is broken down by mechanical forces and proteases released 

by inflammatory cells 255. While in normal skin wound healing, temporary matrix degradation 

ensures that the wound is clean and ready for new tissue deposition, in non-healing chronic wounds, 

matrix degradation limits the physical and chemical support provided by the surrounding ECM to 

promote new tissue deposition 256,257. In the brain, injury causes not only matrix degradation, but 

also the formation of an impermeable astrocytic scar that engulfs the injured area 258. While this 

prevents further brain damage, it also prevents new matrix deposition in this area.  In an effort to 

accelerate wound closure and promote healing in non-healing skin or brain wounds, the field of 

tissue repair has investigated the use of artificial ECM matrices, which recapitulate aspects of the 

natural ECM, and can be utilized by residing cells as a scaffold for tissue growth 33. The goal is to 

recapitulate sufficient aspects of the matrix to promote tissue repair such promoting infiltration of  

residing cells that can build their own native ECM as the temporary synthetic ECM degrades away.  

Over the past several decades, polymeric hydrogels containing physical and bioactive cues 

have been developed as ECM mimics 199. Specifically, injectable hydrogels which form via a 

sol−gel transition are highly translatable as they can be injected and take on the form of any wound 

or cavity before complete gelation in situ. However, most injectable hydrogels are physically and 

chemically homogeneous, a property not observed in the native ECM33. Physical or chemical 

gradients are often necessary to recruit cells to a specific location like a wound or stroke 
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cavity142,259-261. An RGD gradient has previously been shown to direct cell alignment and 

migration in vitro262. Yet the most common method of incorporating either a physical or chemical 

gradient in a hydrogel is by using photo-polymerization, which results in a hydrogel that cannot 

be injected and is significantly limited in its use in the clinic 263-267. The development of an 

injectable hydrogel with defined gradients still poses a major challenge in the field.  

We previously engineered the first class of injectable synthetic porous hydrogels, termed 

microporous annealed particle (MAP) hydrogels 196,246,268. MAP hydrogels are granular materials 

constructed from micron sized hydrogel particles that are annealed to each other post injection. 

These granular hydrogels contain an interconnected micron sized porous network due to the 

uneven packing of the building blocks. Although the use of granular MAP scaffolds in tissue repair 

and regeneration is just beginning, their ability to accelerate wound healing 268 and reduce 

inflammation 246, makes them ideal artificial ECM scaffolds for tissue repair applications. 

However, so far the building blocks have been uniformly mixed generating a random configuration 

of building blocks. Herein, we show spatial patterning of granular hydrogel materials can be 

achieved by taking advantage of jammed layered particle structures, which when injected at 

appropriate flowrates, retain their layered structures after injection and anneal into the 

subcutaneous space, skin wounds, and brain stroke wounds, demonstrating the versatility of the 

approach.  

7.2 Materials and Methods 

7.2.1 Hyaluronic Acid Modification 

Hyaluronic acid was functionalized with an acrylate group using a previously described two-step 

reaction269. Briefly, HA (60,000 Da, Genzyme Corporation, Cambridge, MA) (2.0 g, 5.28 mmol) was 

dissolved in water mixed with adipic dihydrazide (ADH, 18.0 g, 105.5 mmol) with 1-ethyl-3-

(dimethylaminopropyl) carbodiimide hydrochloride (EDC, 4.0 g, 20 mmol) with pH adjustment to 4.75. 
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This mixture reacted overnight to form hydrazide-modified hyaluronic acid (HA-ADH). Purification via 

dialysis (8000 MWCO) was completed in deionized water for 2 days. The HA-ADH was then flash-frozen 

and lyophilized. HA-ADH (1.9 g) was dissolved in 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid 

(HEPES) buffer (10 mM HEPES, 150 mM NaCl, 10 mM EDTA, pH 7.4) and mixed with N-

acryloxysuccinimide (NHS-AM, 1.33 g, 4.4 mmol) and reacted overnight. Purification via dialysis against 

deionized water for 2 days was completed, and HA-acrylate was flash-frozen and lyophilized. The product 

was analyzed with 1 H NMR (D20) and the percent modification (14%) was determined by dividing the 

multiplet peak at δ = 6.2 (cis and trans acrylate hydrogens) by the singlet peak at δ = 1.6 (singlet peak of 

acetyl methyl protons in HA monomer). The HA-acrylate was stored at −20 °C until used. 

7.2.2 Microfluidic Device Design and Fabrication 

Water-in-oil flow focusing microfluidic molds were fabricated using soft lithography as previously 

described268. In brief, KMPR 1025 or 1050 photoresist (Microchem) was used to create master molds on 

mechanical grade silicon wafers (University wafer). Manufacturer’s suggestions were used for spinning 

photoresist to obtain a channel height of 55μm. Poly(dimethyl)siloxane (PDMS) Sylgard 184 kit (Dow 

Corning) devices were made from the master molds. A 10:1 ratio of base to crosslinker was used and added 

over the mold. Once degassed the PDMS cured at 60 °C overnight. A glass microscope slide (VWR) and 

the PDMS molds were treated with oxygen plasma at 500 mTorr and 75W for 15 s and pressed together to 

seal the channels. Immediately following channel sealing, Rain-X was infused into the device and allowed 

to react for 20 min at room temperature. The Rain-X was aspirated from the channels and the device was 

allowed to dry by air overnight. 

7.2.3 HA MAP Gel Formation, Purification, and Annealing: 

The HA microgels were formed using a four inlet, one outlet microfluidic device previously 

reported196. Briefly, two inlets were used for the “inner pinching” oil (1% v/v span-80 in heavy mineral oil) 

and “outer” oil (5% v/v span-80 in heavy mineral oil) while the other two inlets allowed the HA solution 

and the cross-linker solution to be mixed immediately before the “pinching” occured. The HA solution was 
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freshly prepared by first dissolving HA-acrylate in 0.3 M triethanolamine (TEOA) pH 8.8 at 7% w/v. This 

solution was then used to dissolve three thiol-containing pendent peptides: K-peptide (Ac-FKGGERCG-

NH2), Q-peptide (Ac-NQEQVSPLGGERCG-NH2), and RGD (AcRGDSPGERCG-NH2) at 500, 500, and 

1000 μM, respectively. The solution was then loaded into the 1 mL Hamilton Gas-tight syringe after a 30 

min incubation at 37 °C to pre-react the thiol-containing pendent peptides with the HA-Acrylate. 

Meanwhile, the cross-linker solution was prepared by dissolving the dithiol matrix metalloproteinase 

(MMP) sensitive linker peptide (AcGCRDGPQGIWGQDRCG-NH2, Genscript) in distilled water at 7.8 

mM followed by reacting with 10 μM Alexa-Fluor 488-maleimide (LifeTechnologies) for green µgels, 10 

µM Alexa-Fluor 555-maleimide for red µgels, and 10 µM Alexa-Fluor 647-maleimide for white µgels for 

5 minutes. The cross-linker solution was then loaded into another 1 mL Hamilton Gas-tight syringe. Two 

syringe pumps were used to separately control the flow rates of the oils and the gel precursor solutions. The 

gel precursor solutions were coflowed at a 1:1 volume to form microgel droplets and left overnight at 25 

°C to fully cross-link. The final microgel composition was 3.5 wt % HA-AM, 250 μM K-peptide, 250 μM 

Q-peptide, 500 μM RGD, 5 μM Alexa-Fluor (488,555,647)-maleimide, and 3.9 mM cross-linker (thiol:AM 

is 0.8). The microgels were transferred to microcentrifuge tubes and HEPES buffer saline (pH 7.4 

containing 10 mM CaCl2) was added to each tube. The tubes were then centrifuged at 18,000 G’s for 5 min, 

to create a separation between the pelleted microgels and the oil and surfactant. The supernatant was 

aspirated and the procedure above was repeated until all the oil and surfactant was removed from the 

microgels (∼6 times). To anneal, pelleted microgels were mixed with 200 units/mL of activated factor XIII 

(FXIIIa) and after injection were incubated at 37oC for 90 minutes to undergo a transglutaminase reaction 

between the K and Q peptides as previously described268. 

7.2.4 In Vitro Wound Healing Model: 

Wound healing model molds were created by curing PDMS at 60°C overnight. 2cm x 4cm 

rectangles were cut out of the PDMS and the resulting frames were bonded to a glass coverslip using 

plasma oxygen. 15µL of green microgels mixed with 200 units/mL of FXIIIa was injected on one side of 
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the mold. Immediately after, 15µL of red microgels mixed with 200 units/mL of FXIIIa was injected in 

the middle and then 15µL of white microgels mixed with 200 units/mL of FXIIIa was injected on the end. 

Scaffolds were allowed to anneal at 37oC for 90 minutes and then imaged using a Nikon Ti Eclipse 

equipped with C2 laser LED excitation.  

7.2.5 In Vivo Wound Healing Model 

Animal procedures were performed in accordance with the US National Institutes of Health Animal 

Protection Guidelines and the University of California Los Angeles Chancellor's Animal Research 

Committee. CLR:Skh1-Hrhr mice (Charles River Laboratories) were anesthetized using aerosolized 

isofluorane (1.5 vol%) throughout the duration of the procedure. The skin was disinfected with sequential 

washes of povidone-iodine and 70% ethanol. The mice were placed on their side and dorsal skin was 

pinched along the midline. A sterile 4 mm biopsy punch was used to create two clean-cut, symmetrical, 

full-thickness excisional wounds on either side of the dorsal midline. First, 10µL of red µgels were added 

to the periphery of the skin wound using a positive displacement pipette (Gilson). Immediately after, 10µL 

of green µgels were added in a circular motion inside the outer red layer to form the middle layer. Finaly, 

10µL of white µgels were added to the center of the wound to form the inside layer. The mice were left 

under anesthesia for another 30 minutes to allow the hydrogel to anneal. Three days later, mice were 

sacrificed by isofluorane overdose and cervical dislocation. The skin samples were retrieved and cut in half 

through the wound and then imaged using a Nikon Ti Eclipse equipped with C2 laser LED excitation. 

7.2.6 In vitro Subcutaneous and Stroke Models: 

To create the molds, one two millimeter thick spacer was placed on each end of a coverslip. Another 

coverslip was placed on top of the spacers and clipped together using a small paperclip on each end. Using 

a positive displacement pipette (Gilson), 15µL of white µgels were pulled up. The pipette volume was then 

changed to 30µL and 15µL of green µgels were pulled up. Finally, the pipette volume was changed to 45µL 

and 15µL of red µgels were pulled up resulting in 45µL of MAP gel in the pipette. Next, the gel was 

transferred to a 100µL Hamilton Syringe by back-loading to maintain the same pattern. For the 
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subcutaneous injections, a controlled syringe dispenser (Hamilton) was used to inject the entire 45µL MAP 

hydrogel between the two coverslips. The resulting MAP gel was allowed to anneal at 37oC for 90 minutes 

and then imaged using a Nikon Ti Eclipse equipped with C2 laser LED excitation. For the stroke injections, 

the 100µL syringe was loaded onto a Nexus 3000 syringe pump (Chemyx) and injected between two 

coverslips at a 1µL/min injection rate. The resulting MAP gel was allowed to anneal at 37oC for 90 minutes 

and then imaged using a Nikon Ti Eclipse equipped with C2 laser LED excitation. 

7.2.7 In vivo Subcutaneous Implant Model: 

All in vivo studies were conducted in compliance with the NIH Guide for Care and Use of 

Laboratory Animals and UCLA ARC standards. Similar to the in vitro procedure, using a positive 

displacement pipette (Gilson), 15µL of white µgels were pulled up. The pipette volume was then changed 

to 30µL and 15µL of green µgels were pulled up. Finally, the pipette volume was changed to 45µL and 

15µL of red µgels were pulled up resulting in 45µL of MAP gel in the pipette. Next, the gel was transferred 

to a 100µL Hamilton Syringe by back-loading to maintain the same pattern. A controlled syringe dispenser 

(Hamilton) was used to inject the entire 45µL MAP hydrogel subcutaneously into the mice. The mice were 

left under anesthesia for another 30 minutes to allow the hydrogel to anneal. Three days later, mice were 

sacrificed by isofluorane overdose and cervical dislocation. The skin samples were retrieved and imaged 

using a Nikon Ti Eclipse equipped with C2 laser LED excitation. 

7.2.8 In vivo Photothrombotic Stroke Model: 

Animal procedures were performed in accordance with the US National Institutes of Health Animal 

Protection Guidelines and the University of California Los Angeles Chancellor’s Animal Research 

Committee. A cortical photothrombotic stroke was induced on 8-12week male C57BL/6 mice obtained 

from Jackson laboratories (Bar Harbor, ME). The mice were anesthetized with 2.5% isoflurane and placed 

onto a stereotactic setup. The mice were kept at 2.5% isoflurane in N2O:O2 for the duration of the surgery. 

A midline incision was made and Rose Bengal (10 mg/mL, Sigma-Aldrich) was injected intraperitoneally 

at 10 μL/g of mouse body weight. After 5 minutes of Rose Bengal injection, a 2-mm diameter cold 
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fiberoptic light source was centered at 0 mm anterior/1.5 mm lateral left of the bregma for 18 minutes and 

a burr hole was drilled through the skull in the same location. All mice were given sulfamethoxazole and 

trimethoprim oral suspension (TMS, 303 mL TMS/250 mL H20, Amityville, NY) every 5 days for the 

entire length of the experiment. Using a positive displacement pipette (Gilson), 2µL of white µgels were 

pulled up. The pipette volume was then changed to 4µL and 2µL of green µgels were pulled up. The pipette 

volume was then changed to 6µL and 2µL of red µgels were pulled. This was repeated once more to create 

a total volume of 12µL. Next, the gel was transferred to a 25µL Hamilton Syringe by back-loading to 

maintain the same pattern. Five days post-stroke, the Hamilton syringe containing the patterned gel was 

connected to a pump and 6 µL of MAP was injected into the stroke cavity using a 30 gauge needle at a 

depth of 0.8 mm and the same stereotaxic coordinates as above at an infusion speed of 1 µL/min. The needle 

was withdrawn from the mouse brain 5 min after the injection to allow for annealing of the microgels. Ten 

days post-injection, mice were sacrificed via transcardial perfusion of 1xPBS followed by 40 mL of 4% 

PFA. The brains were isolated and post-fixed in 4% PFA overnight and submerged in 30 (w/v) % sucrose 

solution for 48 h. Tangential cortical sections of 100 µm thickness were sliced using a cryostat until halfway 

into the stroke. The remaining half of the brain was unmounted and imaged using a Nikon Ti Eclipse 

equipped with C2 laser LED excitation. 

7.2.9 Image Analysis using ImageJ Software: 

All images were analyzed using ImageJ software. In each image, three regions were traced to 

separate the white, red, and green regions. Each region was analyzed by obtaining the percent area occupied 

by the white, red, and green µgels. Moreover, each µgel color was analyzed to obtain the percent 

distribution of the µgel color in each region. 

7.3 Results and Discussion 

Microgel (µgel) hydrogel building blocks with ~100µm diameter were generated using a flow 

focusing microfluidic device as previously described 196. µgels were labeled during fabrication with three 

different fluorophores (555nm, 488nm, 647nm shown as red, green, white, respectively) such that the layers 
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could be visualized with fluorescent confocal microscopy.  The µgels also contained two peptides which 

are substrates of factor XIIIa (FXIIIa), such that annealing can occur through this enzymatic reaction as 

previously demonstrated 196,246,268.  We first tested if injecting sequential granular MAP scaffolds next to 

each other would allow distinct layers to be formed without mixing. In vitro, µgels in equal volumes were 

injected into a PDMS mold (Figure 42A) from left to right in rapid succession (green, followed by 

red, followed by far-red µgels). ImageJ analysis confirmed an intensity profile from left to right 

showing a peak in green pixels first, followed by red pixels, and white pixels last, indicating that 

the µgels retain their position after injection. Analysis of the percent of each color in each layer 

reveals that a large majority of µgels for each of the layers contained the color injected in that layer, 

with 89% green µgels found in the first layer injected, 80% of red µgels found in the second layer 

injected and 69% of far-red µgels found in the last layer injected. The red region is in equal contact 

with both the green and white regions and was found to contain equal percentage of white and 

green µgels. For both the green and far red regions, very few of the white and green µgels were 

found in each other’s regions because the white and green regions are not in contact with each 

other. This data shows that in vitro a straight left to right pattern could be achieved through 

sequential injections followed by annealing. This linear pattern can be useful in vitro to study cell 

migration through different layers. Further, this strategy of creating layers is not limited to just 

three equal volume layers as more layers can be created.   
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Figure 42. Wound healing in-vitro and in-vivo in-situ patterning. 

(A) Schematic of patterning method pipetting one color µgel at a time into a rectangular glass bottom PDMS well. 

Fluorescent images taken on the Nikon C2 analyzed in ImageJ to generated the intensity profile plot of each color 

µgel. The dashed lines indicate each color region. The numbers indicated the order of injection from the pipette. (B) 

Percent of the total µgels of a given color within its respective color region is  74.15%, 72.74%, and 91.33% for 

white, red and green respectively. (C) Color region µgel composition is dominated by the regions color as 68.84%, 

80.34%, and 88.59% of white, red, and green µgels within the white, red, and green region. (D) Schematic of 

patterning method pipetting one color µgel at a time, outside to inside, into a 6 mm full thickness dermal wound on 

the back of a mouse. On day 3 the tissue was collected, fixed, cut in half (depicted by the dashed white line) and 

images on the Nikon C2. The intensity profile plot of each color µgel along the cross-section was generated. The 

dashed lines indicate each color region. The numbers indicated the order of injection from the pipette. (E) Percent of 

the total µgels of a given color within its respective color region is  74.19%, 67.33%, and 70.97% for white, red and 

green respectively. (F) Color region µgel composition is dominated by the regions color as 88.23%, 61.72%, and 

68.69% of white, red, and green µgels within the white, red, and green region. Tukey’s multiple comparison test (P 

< 0.05). Unless specified otherwise (N = 3). 
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 Next we tested our patterned hydrogel in an in vivo skin wound model. A biopsy punch  

was used to create a cylindrical skin wound on the backs of the mice (~6-mm diameter x 1mm 

high). Similar to the sequential injection strategy used to create side-by-side layers, here multiple 

injections were used to create a radial pattern. The first layer injected was the outmost layer and 

the last was the center (Figure 42D) Three-days post layered gel injection, the skin was cut in half 

and imaged along the center using confocal microscopy. As expected, a radial pattern could be 

observed with white µgels on both ends, red µgels adjacent to them, and green µgels in the center. 

An intensity profile from left to right quantitatively defined two white pixel peaks on the edges, 

one green pixel peak in the middle, and two red pixel peaks between the white and green peaks. 

Similar to the in vitro data, three clear regions are observed with 88% of white, 62% of red, and 

69% of green µgels are located in the white, red, and green regions, respectively (Figure 42E, 

Figure 42F). The middle region (red µgels) is the most heterogeneous given it is the middle layer 

in contact with both other regions, the layer is still comprised of a majority of red µgels (61.72% 

+/- 18.84%). Together this data shows that a radial pattern consisting of distinct layers can 

successfully be achieved in vivo through sequential injections of MAP µgels.  

For many applications such as injection into the subcutaneous space or in the brain, the 

desired location of the layered scaffold is not as easily accessible as it was in the wound healing 

model. For these situations, it is necessary to obtain layers with a single injection. We tested our 

hypothesis that layers of MAP µgels could be formed through a single injection if the syringe is 

sequentially loaded with the desired layers. 15 µl of each colored particle was sequentially pipetted 

up to obtain 45µL of total gel in the pipette and then backloaded into a syringe to maintain the 

same pattern (Figure 43A).  A controlled syringe dispenser was then used to inject the hydrogel 

between two cover slips from the side, imitating a subcutaneous injection  to obtain a radial pattern. 
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The resulting hydrogel scaffold was imaged by confocal microscopy and observed to indeed have 

a radial spatial pattern. Since the white µgels were pulled up first they came out of the syringe last, 

while the red µgel were pulled up last and were first to come out of the syringe. The pattern in 

Figure 43A shows that the red µgel were radially “pushed” outward by the green µgels who in turn 

were then radially “pushed” outward by the white µgel, creating three distinct layers within a single 

hydrogel scaffold with little mixing between the layers. Although the same volume of each color 

gel was injected, the outer surface occupied by each layer is variable, resulting in layers with 

different thickness. If equal layer thickness were desired, the volume of each injected gel would 

have to scale with the outer surface area occupied by that layer color.  

Upon analysis of the various layer distribution using ImageJ software analysis (Figure 43B, 

Figure 43C),  it was found that the majority of each colored µgel type was found within its own 

layer, without significant spreading to adjacent layers. Specifically, 72% of white, 69% of green, 

and 86% of red µgels were found in the white, green, and red layers, respectively. Moreover, it 

was observed that the majority of mixing occurred from the direct neighboring layering. As a result, 

very few white µgels were pushed to the outer red layer and similarly, very few red µgels remained 

in the white region.  

Next, to model injection into a stroke cavity the same two cover slip model was used, 

however, a syringe pump with a continuous injection rate of 1µL/min was used to inject the 

hydrogel. (rate previously used in vivo)246. Here, the green µgels exited the syringe first forming 

the outer layer, followed by the red µgels forming the middle layer, with the white µgels exiting 

last forming the inner layer (Figure 43D). As before, ImageJ software was used to analyze the 

resulting images obtained from confocal imaging.  The obtained results were improved to those 

obtained for in vitro subcutaneous injections (Figure 43A), showing that using a slower injection 
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rate compared to a bolus injection results in less mixing and stronger patterns (Figure 43E, Figure 

43F). It was observed that 83% of white, 80% of red, and 91% of green µgels are in the white, red, 

and green regions, respectively. This shows that strong layering can still be achieved in the middle 

layer which is in contact with both the inner and outer layers. In fact, decreasing the injection rate 

improved the layering in the middle layer from 69.03% to 79.55% of all red µgels remaining within 

the middle red layer. 
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Figure 43. In-vitro patterning method for SubQ injection and PT stroke model. 

(A) Schematic of patterning method by  (1) loading the pipette in the order indicated by increasing number, (2) back 

loading the syringe, which reversed the order of injection, and (3) injecting between two glass slides by repeatably 

pressing the controlled syringe despensor. The dashed lines indicate each color region. The numbers indicated the 

order loaded into the pipette. (B) Percent of the total µgels of a given color within its respective color region is  

83.21%, 62.26%, and 78.53% for white, red and green respectively. (C) Color region µgel composition is dominated 

by the regions color as 71.59%, 86.04%, and 69.03% of white, red, and green µgels within the white, red, and green 

region. (D) Schematic of patterning method using the same step one and two as in part (A) but injecting between 

two glass slides using a pump at 1 µL/min. The dashed lines indicate each color region. The numbers indicated the 

order loaded into the pipette. (E) Percent of the total µgels of a given color within its respective color region is  

80.79%, 76.29%, and 90.67% for white, red and green respectively. (F) Color region µgel composition is dominated 

by the regions color as 83.22%, 91.17%, and 79.55% of white, red, and green µgels within the white, red, and green 

region. Tukey’s multiple comparison test (P < 0.05). Unless specified otherwise (N = 3). Scale bars = 100µm. 
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After the in vitro data modeling a subcutaneous injection yielded positive results, we tested 

our patterned hydrogel in vivo. We followed the same procedure to load the syringe as in vitro and 

we injected subcutaneously into a mouse (Figure 44A).  The skin was collected after three days, 

fixed using paraformaldehyde, and imaged. Here, we did not notice a radial pattern like we did in 

vitro, likely as a result of the angled injection into a defined space. However, distinct white, red, 

and green regions could still be observed. Upon analysis of the layers, it was similarly shown that 

65% of white, 69% of green, and 55% of red µgels were found in the white, green, and red layers, 

respectively. (Figure 44B, Figure 44C). It was also found that in the inner white region the majority 

of the mixed µgels were from the neighboring green region, while in the middle green region, a 

similar number of white and red µgels were found mixed in. Finally, in the outer red region, the 

majority of µgels mixed in were from the middle green region, similar to the results found in vitro. 

With these results, we are able to achieve a spatially patterned injectable hydrogel with three 

distinct regions in vivo using a subcutaneous implant model.  

Finally, we evaluated the in situ patterning in a mouse stroke model using a single, 

controlled injection of multiple MAP subunits. A photothrombotic stroke model to cause ischemia 

in the motor cortex was used to form a stroke cavity. Five days post stroke induction, the patterned 

hydrogel (6µl total) was injected at 1µl/min and allowed to anneal. Two weeks later (a time point 

used previously for tissue analysis246) the brains were collected for tissue processing and 

cryosectioning. Each brain sample was sectioned until the middle of the stroke lesion containing 

the largest hydrogel cross-sectional area could be observed. The remaining brain was imaged under 

a confocal (Figure 44D). Interestingly, unlike what was observed for the in vivo subcutaneous 

injections, a radial pattern was observed within the stroke cavity. Once again the layers are of 

different thickness because the same volume of each color subunit was injected and in a radial 



 159 

pattern the outer surface area occupied by each layer is different. Distinct layering was observed 

with the inner and middle region, white and green, respectively. The outer red region was more 

mixed containing both red and green µgels. Specifically, 76% of white, 76% of green, while only 

54% of red were observed in the white, green, and red regions, respectively (Figure 44E, Figure 

44F). We likely do not see as much of a separation of the green and red µgels in the green region 

because of the thinness of the green region. Regardless, we do observe excellent layering the white 

and green regions, and a majority separation in the red region.  

Similar to wound healing, we have previously shown that MAP gel can reduce 

inflammation and recruit neural progenitor cells to the stroke. However, the inclusion of a physical 

or biochemical pattern to better guide cells to the middle of the stroke lesion is predicted to further 

improve the biological response and lead to better stroke repair246. Here, we showed that it is 

possible to create a pattern using different colored MAP subunits with a single injection or by 

sequential injection into an open wound. Given the tenability of these subunits, additional studies 

can evaluate the impact of brain regeneration or skin wound healing following stroke using various 

MAP subunits containing different stiffnesses or densities of peptides (i.e. RGD, etc.) or growth 

factors (i.e. VEGF, BDNF, etc.) to further guide neuronal or keratinocyte cell migration. Stiffness 

gradients can be created by changing the stiffness of each µgel layer have shown to promote 

cellular migration with various cell types 270,271. Growth factor gradients can similarly be created 

by encapsulating different concentration of growth factor in each layer and also have been shown 

to significantly affect cellular behavior 272,273. 
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Figure 44. In-vivo patterning method for SubQ injection and PT stroke model. 

(A) Schematic of patterning method using the same step one and two as in Figure 2A and then injecting into the 

subcutaneous layer of the mouse hind skin by repeatably pressing the controlled syringe despensor. On day 3 the 
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tissue was collected and imaged on a glass slide, dermal layer up.   The dashed lines indicate each color region. The 

numbers indicated the order loaded into the pipette.  (B) Percent of the total µgels of a given color within its 

respective color region is  74.69%, 66.11%, and 46.25% for white, red and green respectively. (C) Color region µgel 

composition is dominated by the regions color as 65.29%, 69.30%, and 54.76% of white, red, and green µgels 

within the white, red, and green region. (D) Schematic of patterning method using the same step one and two as in 

Figure 2A  and then injecting into a PT stroked mouse at 1 µL/min. The dashed lines indicate each color region. The 

numbers indicated the order loaded into the pipette. (E) Percent of the total µgels of a given color within its 

respective color region is  87.86%, 60.98%, and 58.42% for white, red and green respectively. (F) Color region µgel 

composition is dominated by the regions color as 76.11%, 54.29%, and 75.90% of white, red, and green µgels 

within the white, red, and green region. Tukey’s multiple comparison test (P < 0.05). Unless specified otherwise (N 

= 3). Scale bars = 100µm. 

 

7.4 Conclusion 

Here we engineer MAP hydrogels into injectable, gradient hydrogels in the skin and brain. 

To the best of our knowledge, this is the first example of an injectable, porous, gradient hydrogel 

with the potential for use in vivo. It was shown that a variety of building blocks can be used to 

create MAP hydrogels and the spatial presentation of the building blocks can be controlled to 

create layers. Both sequential injections and single injections can be used to establish gradients of 

different colored MAP subunits in vitro and in three models in vivo, wound healing, subcutaneous 

space, stroke cavity. Only a low degree of spreading was observed between adjacent layers, that 

was further improved through controlled injection rates via syringe pumps. We believe this 

platform can have widespread use in the field of regenerative medicine as it can be adapted to 

multiple organs. Moreover, a variety of gradients can be created using this hydrogel technique as 

the MAP subunits are highly tunable.  
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VIII  Conclusions and Future Directions 

8.1 Introduction 

Tissue engineering scaffolds and depots capable of directing the growth of complex tissue 

organs still have a lot of room for growth. Although numerous hydrogel platforms have been 

developed, our ability to synthetically replicate the complexities of the native ECM are still 

unrefined at best. In order to design broadly applicable hydrogels to be used as scaffolds and/or 

depots we must be able to control the microenvironment of both physical and biochemical signals 

to devise which parameters or combination of parameters, in parallel or series, are necessary to 

replicating native ECM. A better understanding of what makes a diseased tissue diseased and a 

healthy tissue healthy will be essential to recreating environments that lead to the regeneration of 

complex tissue.  

The work presented in this thesis looks to progress the three goals of hydrogel design that 

must be accomplished in order to make them broadly applicable. These overarching goals include:  

3D patterning of gradients within hydrogels, both in terms of bioactive functional groups and 

scaffold material properties, much be achieved, the presentation of integrins, growth factors, and 

small molecule drugs must occur in a dynamic but controllable manner, and synthesized materials 

must not only promote cellular adhesion, but also must be malleable enough to remain intact after 

considerable reorganization from infiltrating cellular populations.  

In this thesis we evaluated the effects of polymer chemistry on the hydrogel 

microenvironment. Then, we developed new functionalized polymers in order to spatiotemporally 

control the pattern of material properties and growth factors. To allow for cell infiltration 

independent of material degradation we developed an injectable porous platform where the rigidity 

could be independently tuned from the build blocks mechanical and biochemical properties in 
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order to adjust the materials malleability. The building blocks of this porous platform could be 

varied physically or biochemically and mixed homogeneously throughout the scaffold, forming 

small microenvironments within the scaffold to create an opportunity to evaluate micro scale 

gradients. To evaluate macro scale gradients or design the material to contain different layers we 

developed a strategy to inject layers by controlling the loading method of individual building 

blocks. The designed material in this thesis addresses the goals described above, however there is 

still much more work to be done to evaluated how broadly applicable the material truly is.  

8.2 Hydrogel Scaffolds 

To develop scaffolds that can be used to regenerate normal tissue the physical properties 

and biochemical make up are of the utmost consideration. The basic components of a hydrogel 

scaffold include the polymer backbone which provides structure, crosslinker to interlink the 

polymers and integrin binding peptides like RGD to allow cell to interact with the matrix it the 

polymer in question is bioinert. The mechanical properties of the scaffold can be tuned to match 

the tissue of interest by varying the polymer concentration and the ratio of crosslinker to polymer 

backbone for any chemistry. Increasing the polymer concentration can lead to more entangling 

points in the mesh of the hydrogel and increasing the ratio of crosslinker to polymer backbone can 

lead to more crosslinks locking in the material structure. In both cases the mesh size is becoming 

smaller. This increase in mesh density results in a stiffer gel. The hydrogels that were developed 

during this dissertation research demonstrated that a wide range of material stiffnesses (modulus) 

could be achieved which adds to the broad application that this material might have (Chapter IV).  

There are several chemistries available to make the hydrogel. In this thesis we focused on 

base-catalyzed and radical-mediated step growth reactions. The thiol-maleimide reaction 

discussed in chapter III does not require external initiator and is a fast and efficient reaction that 
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propagates at physiological pH. When forming a hydrogel using this chemistry you must mix the 

linker and polymer together to start the reaction, we are on the clock. We demonstrated that we 

could extend how long we had before the gel solidified by increasing the negative charge around 

the thiol in the crosslinker to slowed the gelation rate. If the gel formed quickly the linker was not 

evenly distributed, this could be controlled by changing the gelation time. This heterogeneous 

presentation resulted in high and low zones within the gel that cells took advantage of spreading 

in the soft regions along the stiff regions. The downside to using the thiol-maleimide reaction to 

tune hydrogel physical properties is that the high low regions change from gel to gel. To give us 

more control over the reaction we moved to the thiol-norbornene reaction in chapter IV. This 

radical-mediated step growth reaction propagates quickly once initiated by light. The linker and 

polymer can be well mixed and then exposed to light to for a homogeneous hydrogel with no 

defects and we can introduce a photomask through which the light can pass to control the physical 

defects in the hydrogel.  

The topographical patterns or surface topography within a scaffold is another way in which 

the physical properties of a scaffold can direct the cellular responses. The hydrogels discussed in 

chapter II contained a distribution of stiff and soft regions and the cells responded to these 

mechanical changes, but the cells were also exposed to the texture of these interfaces. To 

understand how hydrogel mechanics and topography direct cellular signaling these parameters 

must be decoupled to evaluate which part each component plays. The tetrazine annealed 

macroporous annealed particles (Tet-MAP) scaffold developed in chapter V allowed for the 

decoupling these physical properties. First, the µbead mechanical properties could be 

independently tuned, as the nanoporous hydrogels were in chapter IV, from the bulk scaffold 

mechanical properties. Work from others in our lab has started to evaluate how changing the µbead 
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mechanical properties can impact the cellular response. Then, the topography of µbeads can be 

changed from smooth nanoporous µbeads to textured microporous µbeads (cryobeads) as shown 

by in chapter VI by evaluating how incorporating texture and pores within the µbead can direct 

cellular signaling and tissue integration. Although this material has been development to 

successfully be injectable, physically tunable, both mechanical and topologically, and malleable 

the extent to which each of these parameters influences cellular signaling, tissue regeneration and 

ultimately recaptures the complexity of native tissue still requires further studies.  

8.3 Hydrogel Depots 

Hydrogels not only act as a scaffold but as a depot to deliver bioactive signals to regenerate 

normal tissue. How the material interacts with cell on the chemical level is very important to 

consider when design material platforms. Coming back to one of the basic components of a 

hydrogel scaffold, the polymer backbone. It is important to start with the “right” foundation to the 

biomaterial for its specific use. To design hydrogels that mimic complex tissue we must pull 

inspiration from natural ECM. When the tissue is injured protiens and small signaling molecules 

are secreted from the cells in the damaged tissue and spread throughout the wound to cells from 

the blood stream and surrounding tissue. Human dermal fibroblasts (HDFs) play essential roles in 

wound repair and remodeling in the skin. They proliferate to expand, migrate into the wound bed, 

and synthesize new ECM. Importantly, when these factors are release from the cells, they do not 

float through a liquid filled void but rather through a dense extracellular matrix which causes both 

bound and soluble gradients. One of the most interesting parts of the ECM mixture is the 

glucosaminoglycan (GAG), two GAGs that are widely because of their interesting functionality 

are hyaluronic acid, HA and heparin. HA is a non-sulfated GAG that is abundant in skin and brain 

tissue, among many others and heparin has the ability to non-covalently bind and release signaling 
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molecules. This is achieved through the electrostatic interaction between the negative charged 

sulfate groups and positive surface charge of the protein, in chapter IV platelet-derived growth 

factor (PDGF)-BB was evaluated as it is one growth factor reported to affect HDF motility.  

In chapter IV we functionalized HA and heparin repeat units with norbornene to be our 

biochemical basis for our hydrogel platforms. There are many polymeric backbones, both naturally 

and synthetically derived, to choose from we focused on the selection of materials for skin and 

brain. However, other tissue may benefit from a different polymeric base. In chapter IV we showed 

that by incorporating heparin we could control the presentation of bound and soluble PDGF-BB 

either by patterning with PDGF-BB loaded heparin or sequestering PDGF-BB post pattern. 

Bioactive factors including integrins, growth factors and small molecules are all an integral part 

of cellular signaling within native tissue. However, these signals are transient in nature and 

therefore signals like growth factors are not stable for long periods of time. By designing materials 

that can either bind to stabilize growth factors like PDGF-BB for longer periods of time or merely 

sequester the signals from the surrounding tissue, focusing on guiding the bound and soluble 

presentation of these factors within the hydrogel, we can start to incorporate the complexity 

necessary to mimic natural ECM.  

Though, for the first time we showed the potential of incorporating or patterning a polymer, 

heparin, to control the biochemical signal presentation within a 3D hydrogel much work is yet to 

be done. We have only evaluated heparins capability to interact with PDGF-BB however, heparin 

can notable interact with several other growth factors and cytokines that could influence how 

heparin performs in vivo.  

The Tet-MAP developed in chapter V not only allows for the decoupling of physical 

properties but also biochemical properties. The µbeads or cryobeads could be formulated to 
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contain heparin and from the work presented in chapter IV we know this could be done without 

changing the physical properties of the gel. By varying the concentration of heparin containing 

µbeads or cryobeads the local micro scale gradients of bound and soluble factors like PDGF-BB 

could be created, evaluated and utilized to recapitulate the complexity of native ECM. 

8.4 Tissue Engineering 

Tissue engineering scaffolds provides the growing cells or infiltrating tissue with physical 

and biochemical signals as described above in a heterogeneous fashion. The Tet-MAP hydrogel 

platform discussed in chapter V allows for the heterogenous incorporation of µbeads of differing 

size, shape, chemical composition, mechanical strength, and topographical texture or porosity 

while independently being able to adjust the rigidity of the overall scaffold with bio-orthogonal 

anneal chemistry. In this dissertation we demonstrated that the µbeads could be various sizes, 

chemical compositions, and mechanicals but others will need to evaluate how these parameters 

influence cellular and tissue responses in the overall scope of this tissue engineered scaffold. The 

effect of µbead shape is yet to be evaluated but changing the shape could influence the shape of 

the pore and therefore the cellular response.274  

The goal of tissue engineered scaffolds is twofold, to design materials as a tool to evaluated 

biological questions ex vivo, and to design materials to be used in vivo for tissue regeneration. It is 

important to evaluate how each component response in vivo when designing materials for the later.  

The chemistry of the Tet-MAP scaffold platform allows us to evaluate the overall strength and 

rigidity of the scaffold independent of the µbeads (Chapter V) and we confirmed that changing to 

this chemistry, over the previously report MAP scaffolds, was not going to adversely affect the 

materials response in the brain.17,250 By incorporating texture into the beads to manipulate the local 

topography within the scaffold we preliminarily evaluated how topography, independent of 
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hydrogel mechanics, influences the local tissue response (Chapter V). However, further studies are 

needed to truly understand to what degree this parameter can impact cellular signaling.  

Where the incorporation of various µbeads homogeneously can lead to local heterogeneity 

the body is made up of both micro and macro scale patterns, so chapter VII was geared at taking 

the MAP platform and creating a process to control the spatial presentation of the µbeads within 

the injectable porous hydrogel.  Basically, we wanted to form Layers! Both the skin and brain are 

made up of specific areas which have specific functions. When an injury occurs to these tissues 

cells must response dynamically to regeneration the damaged tissue. Often, we look to use 

synthetic ECM mimics to direct proliferation, migration and/or differentiation all with the goal of 

regenerating tissue. We set out to develop a way in which we could inject layers. Opening the door 

to investigate how best to layer materials that direct proliferation, migration, or differentiation 

within a wound to assist regeneration. We successfully demonstrated the introduction of layers in 

vitro and in vivo for a wound healing model, angiogenesis model, and stroke model. We have 

demonstrated µbeads can be heterogeneously layered but work still must go one to evaluate what 

these layers should be composted of and how they should be utilized. 
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IX  Key Methods  

9.1 Hyaluronic Acid Norbornene Synthesis 

Material: 
Hardware 

 2, 50mL conical tube 

 1, 250mL glass flask 

 1, stir bar and plate 

 pH paper or meter 

Soft Material 

 Hyaluronic Acid (HA) 

o (MW 60,000 Da) 

 5-Norbornene-2-methylamine (mixture of isomers) 

o NMA (MW 123.2 Da) (ρ 0.96 g/mL) (TCI America, N0907) 

 4-(4,6-Dimethoxy[1.3.5]triazin-2-yl)-4-methylmorpholinium chloride 

o DMTMM (MW 294.74 Da) (TCI America, 50-014-32155) 

 Buffer (pH 5.5) 

o 2-(4-Morpholino)ethane Sulfonic Acid (Fisher Scientific, BP300-

100) 

o 200mM MES  

Reaction:  

 
 

Procedure: 

DAY 1  

1.1. Make and pH the MES buffer for the reaction. (does not have to be fresh) 

1.2. Weight out all the dry reagents into 50mL conical tube. (HA and DMTMM) 

1.3. Dissolve HA and DMTMM in 40mL MES buffer each.  

2.1. Add the HA and DMTMM solutions to the 250mL flask with a stir bar. Allow mixture to 

react for 10 minutes at room temperature under vigorous stirring. (This allows for the 

activation of the carboxylic acid) 

3.1. Add NMA dropwise to the HA/DMTMM solution while the solution stirs vigorously. 

3.2. Wash the glass with the remaining MES buffer and add to the reaction flask. 

3.3. Cover the flask with parafilm and foil, allow reaction to proceed overnight at room 

temperature. 

DAY 2   

3.4. Grab a 2L beaker and fill the beaker with 1L of 100% Ethanol, add the stir bar from the 

reaction flask, and spin vigorously. 

3.5. Slowly pour the reaction solution to the beaker. A white powder with start to form in the 

ethanol.  

3.6. Grab 3, 500mL bottles and bottle top filters and filter the ethanol solution after it stirred 

5-10min  with the reaction solution completely added to collect the solid. 

3.7. Collect the solid into 50mL conical tubes using a spatula. 

4.1. Dissolve in a final [NaCl] of 2M solution and dialyze against DI water for 30 minutes. 
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4.2. Dialyze against 1M NaCl for 30 minutes, DI water for 30 minutes, and repeat for a total 

of three times. 

4.3. Dialyze against DI water for 24 hours, changing the solution a total of three times. 

4.4. Filter, freeze, and lyophilize the final product and confirm modification through NMR in 

D2O.  

 
HA Mass (g) 1 

DMTMM Mass (g) 3.111 

NMA Volume (mL) 0.677 

200mM MES pH 5.5 Total Volume (mL) 100 

*See Excel Sheet for Calculations 

 

  

HA 379 Da

4-(4,6-Dimethoxy[1.3.5]triazin-2-yl)-4-methylmorpholinium chloride (DMTMM)

DMTMM 294.74 Da

5-Norbornene-2-methanamine (mixture of isomers) (NMA)

NMA 123.2 Da

0.96 g/ml

Purpose: Make HA-Norb (~50-60%) 

Protocol:

1. Dissolve HA in MES buffer

2. Add DMTMM and wait 10min

3. Add NMA slowly 

4. Stir reaction at RT for 24hr

5. Dialyze against DI water 

2 molar equiv NMA

4 molar equiv DMTMM

1 g Hyaluronan 0.002639 mol

3.110712401 g DMTMM 0.010554 mol

0.6772 mL NMA 0.005277 mol 0.650132 g

100 mL 200 mM MES, pH 5.5
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9.2 Heparin Norbornene Synthesis 

Material: 
Hardware 

 2, 50mL conical tube 

 1, 250mL glass flask 

 1, stir bar and plate 

 pH paper or meter 

Soft Material 

 Heparin, Sodium Salt, Porcine Intestinal Mucosa 

o Heparin (MW 14,000 Da) (EMD Millipore, 375095-500KU) 

 5-Norbornene-2-methylamine (mixture of isomers) 

o NMA (MW 123.2 Da) (ρ 0.96 g/mL) (TCI America, N0907) 

 4-(4,6-Dimethoxy[1.3.5]triazin-2-yl)-4-methylmorpholinium chloride 

o DMTMM (MW 294.74 Da) (TCI America, 50-014-32155) 

 Buffer (pH 5.5) 

o 2-(4-Morpholino)ethane Sulfonic Acid (Fisher Scientific, BP300-

100) 

o 200mM MES  

Reaction:  

 
 

Procedure: 

1.1. Make and pH the MES buffer for the reaction. (do not have to be fresh) 

1.2. Weight out all the dry reagents into 50mL conical tube. (Heparin and DMTMM) 

1.3. Dissolve Heparin and DMTMM in 40mL MES buffer.  

2.1. Add the Heparin and DMTMM solutions to the 250mL flask with a stir bar. Allow mixture to react 

for 10 minutes at room temperature under vigorous stirring. (This allows for the activation of the 

carboxylic acid) 

3.1. Add NMA dropwise to the Heparin/DMTMM solution while the solution stirs vigorously. 

3.2. Wash the glass with the remaining MES buffer and add to the reaction flask. 

3.3. Cover the flask with parafilm and foil, allow reaction to proceed overnight at room temperature.  

4.1. Add NaCl, final [NaCl] of 2M, and dialyze against DI water for 30 minutes. 

4.2. Dialyze against 1M NaCl for 30 minutes, DI water for 30 minutes, and repeat for a total of three 

times. 

4.3. Dialyze against DI water for 24 hours, changing the solution a total of three times. 

4.4. Filter, freeze, and lyophilize the final product and confirm modification through NMR in D2O.  

 

Heparin Mass (g) 1 

DMTMM Mass (g) 1.472 
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NMA Volume (mL) 0.147 

200mM MES pH 5.5 Total Volume (mL) 100 

*See Excel Sheet for Calculations 

 

  

Heparin 14000 Da

23.3 repeat units/mol Hep

17.5 mol -COOH/mol Hep

4-(4,6-Dimethoxy[1.3.5]triazin-2-yl)-4-methylmorpholinium chloride (DMTMM)

DMTMM 294.74 Da

5-Norbornene-2-methanamine (mixture of isomers) (NMA)

NMA 123.2 Da

0.96 g/ml

Purpose: Make Hep-Norb (8 Norbornenes per Heparin chain) 

Protocol:

1. Dissolve Heparin in 40mL MES buffer

2. Dissolve DMTMM in 40mL MES buffer

3. Add DMTMM and allow activation for 10 minutes under heavy stirring

4. Add NMA dropwise to the solution while stirring heavily, wash glass with remaining MES buffer and add

5. Cover flask with Parafilm and foil and allow the reaction to stir at RT overnight

6. Add NaCl, final [NaCl] = 2M, dialyze against DI water for 30min

7. Dialyze against 1M NaCl for 30min, DI water for 30min, and repeat x3

8. Dialyze against DI water for 24hr changing solution 3 times

8 Degree of modification

0.92 molar equiv NMA

4 molar equiv DMTMM

1 g Heparin 7.14E-05 mol

-COOH 1.25E-03 mol

1.472 g DMTMM 4.99E-03 mol

0.147 mL NMA 1.14E-03 mol 0.141 g

100 mL 200 mM MES, pH 5.5
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9.3 Tetra-PEG-Tetrazine Synthesis 

Material: 
Hardware 

 5 mL Glass Vial 

 Small Stir Bar 

 50 mL Conical Tube 

 Table top centrifuge 

 Vacuum Chamber 

Soft Material 

 Methyltetrazine-PEG4-Maleimide  

o Tet-Mal (MW 514.53 Da) (KeraFAST, FCC210) 

 Tetra-PEG-Thiol  

o 4arm-PEG-SH (MW 20,000 Da) (NOF America, SUNBRIGHT® 

PTE-200SH) 

 Triethylamine 

o (MW 101 Da, ρ 726 mg/mL) (Sigma-Aldrich, 471283) 

 Solvents 

o Dichloromethane (DCM) 

o Diethyl ether  

o Dimethylformamide (DMF) 

Procedure: 

DAY 1 

1.1. Weigh out 4arm-PEG-SH  

1.2. Weigh out Tet-Mal 

1.3. Dissolve in the 4arm-PEG-SH and Tet-Mal in 1000uL of DCM at a Mal/SH ratio of 1.05 in 

a 5mL glass vial stirring at 300 rpm with a small stir bar 

1.4. Add Triethylamine (base) at a 0.5 molar equivalent and allow the reaction to proceed 

overnight. Protect from light exposure.  

DAY 2 

2.1. Precipitate in 10mL of cold Diethyl ether (~10x volume) in a 50 mL Conical Tube 

2.2. Centrifuge to pellet precipitate and pour off Diethyl ether  

3.1. Evaporate remain Diethyl ether off under vacuum overnight and store at -20°C  
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1) X-Linker Stock 4-arm PEG-SH

MW 20000

2) X-Linker Modifier Stock

Methyltetrazine-PEG4-Maleimide (Tet-PEG-

Mal)

MW 514.53

3) Base Triethylamine

MW 101

Density (mg/mL) 726

   

4) Reaction mixer 4-arm PEG-Methyltetrazine

Desired Tet-PEG-Mal mass (mg) 25

mmole of Tet-PEG-Mal required (mmol) 0.0486

mmole of Mal required (mmol) 0.0486

Desired (Mal/SH) equivalents 1.05

mmole of SH required (mmol) 0.0463

mmole of 4-arm PEG-SH required (mmol) 0.0116

Mass of 4-arm PEG-SH required (mg) 231.37

Desired triethyamine equivalents 0.5

mmole of triethylamine required (mmol) 0.0243

Mass of triethylamine required (mg) 2.4537

Volume of triethylamine required (uL) 3.38

Desired Volume (uL) 2500
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9.4 Alexa-Tetrazine Synthesis 

Material: 
Hardware 

 5 mL Glass Vial 

 Small Stir Bar 

 50 mL Conical Tube 

 Table top centrifuge 

 Vacuum Chamber 

Soft Material 

 Methyltetrazine-PEG4-Maleimide  

o Tet-Mal (MW 514.53 Da) (KeraFAST, FCC210) 

 Alexa Fluor ### Malemide (Alexa###-Mal) 

o Alexa Fluor 647 C2 Maleimide (MW 1250 Da) (Thermo Fisher 

Scientific, A-20347) 

o Alexa Fluor 555 C2 Maleimide (MW 1250 Da) (Thermo Fisher 

Scientific, A-20346) 

o Alexa Fluor 488 C5 Maleimide (MW 720.66 Da) (Thermo Fisher 

Scientific, A-10254) 

o Alexa Fluor 350 C5 Maleimide (MW 578.53 Da) (Thermo Fisher 

Scientific, A-) 

 PEG Di-Thiol  

o (MW 3500 Da) (JenKem Technology USA, A4001-1/HS-

PEG3500-SH) 

 Triethylamine 

o (MW 101 Da, ρ 726 mg/mL) (Sigma-Aldrich, 471283) 

 Solvents 

o Dichloromethane (DCM) 

o Diethyl ether  

o Dimethylformamide (DMF) 

Procedure: 

DAY 1 

1.5. Alexa###-Mal, Tet-Mal, and PEG Di-Thiol are all combined in an equal molar ratio to 

make Alexa###-Tet 

a. Alexa647-Mal: 1 mg of solid powder equals 0.0008 mmol  

b. Alexa555-Mal: 1 mg of solid powder equals 0.0008 mmol 

c. Alexa488-Mal: 1 mg of solid powder equals 0.0014 mmol 

d. Alexa350-Mal: 1 mg of solid powder equals 0.0017 mmol 

1.6. Weigh out PEG Di-Thiol for all the Alexa###-Tet that are to be made  

a. 16.45 mg are needed to convert one vial of each Alexa###-Mal to Alexa###-Tet 

1.7. Weigh out Tet-Mal 

a. 2.42 mg are needed to convert one vial of each Alexa###-Mal to Alexa###-Tet 

1.8. Dissolve in the PEG Di-Thiol and Tet-Mal each in 1000uL of DCM and combine into a 

5mL glass vial stirring at 300 rpm with a small stir bar 

1.9. Add Triethylamine (base) at a 1 molar equivalent 

a. 0.65 µL are needed to convert one vial of each Alexa###-Mal to Alexa###-Tet 

1.10. Add the following volumes to each Alexa###-Mal vial and transfer to a 5mL glass vial 

stirring at 300 rpm with a small stir bar and allow the reaction to proceed overnight. Protect 

from light exposure.  

a. Alexa647-Mal: 340.4 µL 

b. Alexa555-Mal: 340.4 µL 

c. Alexa488-Mal: 595.8 µL 

d. Alexa350-Mal: 723.4 µL 

(These values were determined by dividing the mmol in each vial by the sum of the mmols 

and then multiply this fraction by 2000 µL to get how much of the stock PEG Di-Thiol, 

Tet-Mal, and Triethylamine is needed in each Alexa###-Mal vial for each component to be 

at the correct ratios) 
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DAY 2 

2.3. Precipitate in 10mL of cold Diethyl ether (~10x volume) in a 50 mL Conical Tube 

2.4. Centrifuge to pellet precipitate and pour off Diethyl ether  

2.5. Evaporate remain Diethyl ether off under vacuum overnight 

DAY 3 

3.2. Dissolve each Alexa###-Tet powder at mg/mL in DMF and store at -20°C  
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9.5 HA-Norb Gel Synthesis 

 

HA-Norb Gel Synthesis Protocol

Materials:

1A) Gel Back Bone HA-Norb 

Base MW (Da) 60000

MW of unmod. Repeat1 (Da) 379.32

MW of unmod. Repeat 2 (Da) 0

Percent Repeat 1 100%

Percent Repeat 2 0%

mol of repeat per mol polymer 158.2

mol of Methyl/Acetyl groups per mol polymer 158.2

H+ of peak per mol polymer 474.5

Polymer-Functional Group HA-Norb

MW calculation New HA

% repeat units modified with Norb 61.41%

MW increase by Norb (Da) 105.18

Final MW of HA (Da) 70216.9

# of Norb per Polymer 97.1

1B) Gel Back Bone Stock HA-Norb

[Poly-FG] (mg/uL) 0.1

[Poly-FG] (mM) 1.42

[Poly-FG] (umol/uL) 1.42E-03

[Norb] in Poly-Norb (mM) 138.34

Poly-Norb (mg) 210.651

Volume (uL) 2106.51

2) Bioactive Signals Stock RGD (Ac-RGDSPGERCG-NH2)

MW 1074.13

[BS] (mg/uL) 0.0644478

[BS] (mM) 60

Aliquote BS (mg) Needed 3.222

Volume (uL) Needed 50.00

3) DiThiol X-Linker Stock DTT

MW 154.25

[x-linker] (mg/uL) 0.004

[x-linker] (mM) 25.0

Aliquote x-linker (mg) Needed 3.239

Volume (uL) Needed 840.00

4) UV initator  LAP (Desired Final 2.2mM)

[initiator] wt% (mg/uL)*100% 1%

MW (Da) 294.21

[initiator] (mM) 33.99

Volume (uL) Needed 2174.80

6) TCEP TCEP

MW 286.65

[TCEP] (mM) 50.000

[TCEP] (mg/uL) 0.014

Mass (mg) 20

Volume (uL) 1395.430
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8) Gelling Conditions (n= ): No tag

Description HA-Norb/Lap

Final Gel Volume (ul) 6000

Desired Back Bone HA-Norb

Desired Back Bone wt% (mg/uL) 3.5%

Desired [Back Bone] (mM) 0.50

Desired [Back Bone] (umol/uL) 5.00E-04

Mass of Back Bone required (mg) 210.65

[FG] (mM) 48.57

Available after xlinking [FG] (mM) 41.57

mmoles of FG Available after xlinking (mmol) 0.249411

Desired [RGD] (mM) 0.500000

mmole of RGD required (mmol) 0.003000

Mass of RGD required (mg) 3.222390

Total [Pendent Peptide] (mM) 0.500000

mmole of total pendent peptide required (mmol) 0.003000

Cluster Ratio: mmol RGD/mmol HA 2.000000

Cluster Ratio: mmol Total/mmol HA 2.000000

HA (mM) 0.250000

mmol HA 0.001500

Desired initiator? (I=0, L=1) 1

Desired [initiator] (mM) 2.20

Desired [initiator] wt% 0.0647%

Desired % TCEP to thiols 25%

Desired r-ratio (SH/FG) 0.14

Desired (SH/HA) 14.00

[total x-linker] (mM) 3.50

mmoles of total x-linker (mmol) 0.021000

% MMP 100%

[DTT] (mM) 3.50

mmoles DTT (mmol) 0.021000

Mass of DTT (mg) 3.24

HA-Norb Stock (HEPES) Volume (uL) 1053.25

RGD Stock (DiH2O) (uL) 50.00

TCEP 225.00

HEPES (uL) 2390.14

Initator (uL) (1 wt% Stock) 25.89

HA-Norb Stock (HEPES) Volume (uL) 1053.25 2) Add to tube 1

DTT Crosslinker (DiH2O) (uL) 840.00 Tube #2 3) Make tube 2

Initiator (uL) (2 wt% Stock) 362.47 4) Make a 2% stock of LAP and add to tube 1

Total (uL) 6000.00 5) Add tube #2 to tube #1 and vortex

Tube #1

1) Combine and expose to 10mW/cm^ 2 UV 

light for 2 min or Visible light for 5 min in a 

open 1.5 mL tube 

6) Add to 3% Span 80 in Hexane Solution in 

glass vial, short vortex (one-onethousand), 

transfer to sigmacoated rb flask, stir at 600 

rpm with small stirbar, and expose to 

20mW/cm^ 2 UV light for 20min
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9.6 HA-Norb with Hep-Norb Gel Synthesis 

 

HA-Norb + Hep-Norb Gel Synthesis Protocol

Materials:

1A) Gel Back Bone HA-Norb Hep-Norb 

Base MW (Da) 60000 14000

MW of unmod. Repeat1 (Da) 379.32 629.54

MW of unmod. Repeat 2 (Da) 0 514.48

Percent Repeat 1 100% 75%

Percent Repeat 2 0% 25%

mol of repeat per mol polymer 158.2 23.3

mol of Methyl/Acetyl groups per mol polymer 158.2 5.8

H+ of peak per mol polymer 474.5 17.5

Polymer-Functional Group HA-Norb Hep-Norb

MW calculation New HA

% repeat units modified with Norb 61.41% 61.64%

MW increase by Norb (Da) 105.18 105.18

Final MW of HA (Da) 70216.9 15510.6

# of Norb per Polymer 97.1 14.4

1B) Gel Back Bone Stock HA-Norb Hep-Norb

[Poly-FG] (mg/uL) 0.1 0.1

[Poly-FG] (mM) 1.42 6.45

[Poly-FG] (umol/uL) 1.42E-03 6.45E-03

[Norb] in Poly-Norb (mM) 138.34 92.60

Poly-Norb (mg) 210.651 46.532

Volume (uL) 2106.51 465.32

2) Bioactive Signals Stock RGD (Ac-RGDSPGERCG-NH2)

MW 1074.13

[BS] (mg/uL) 0.0644478

[BS] (mM) 60

Aliquote BS (mg) Needed 3.222

Volume (uL) Needed 50.00

3) DiThiol X-Linker Stock DTT

MW 154.25

[x-linker] (mg/uL) 0.004

[x-linker] (mM) 25.0

Aliquote x-linker (mg) Needed 4.049

Volume (uL) Needed 1050.00

4) UV initator  LAP (Desired Final 2.2mM)

[initiator] wt% (mg/uL)*100% 1%

MW (Da) 294.21

[initiator] (mM) 33.99

Volume (uL) Needed 2204.19

6) TCEP TCEP

MW 286.65

[TCEP] (mM) 50.000

[TCEP] (mg/uL) 0.014

Mass (mg) 20

Volume (uL) 1395.430
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8) Gelling Conditions (n= ): No tag

Description HA-Norb/Lap

Final Gel Volume (ul) 6000

Desired Back Bone Hep-Norb

Desired Back Bone wt% (mg/uL) 0.8%

Desired [Back Bone] (mM) 0.50

Desired [Back Bone] (umol/uL) 0.00

Mass of Back Bone required (mg) 46.53

[FG] (mM) 7.18

Desired Back Bone HA-Norb

Desired Back Bone wt% (mg/uL) 3.5%

Desired [Back Bone] (mM) 0.50

Desired [Back Bone] (umol/uL) 5.00E-04

Mass of Back Bone required (mg) 210.65

[FG] (mM) 48.57

Available after xlinking [FG] (mM) 47.00

mmoles of FG Available after xlinking (mmol) 0.282000

Desired [RGD] (mM) 0.500000

mmole of RGD required (mmol) 0.003000

Mass of RGD required (mg) 3.222390

Total [Pendent Peptide] (mM) 0.500000

mmole of total pendent peptide required (mmol) 0.003000

Cluster Ratio: mmol RGD/mmol HA 2.000000

Cluster Ratio: mmol Total/mmol HA 2.000000

HA (mM) 0.250000

mmol HA 0.001500

Desired initiator? (I=0, L=1) 1

Desired [initiator] (mM) 2.20

Desired [initiator] wt% 0.0647%

Desired % TCEP to thiols 25%

Desired r-ratio (SH/FG) 0.16

Desired (SH/HA) 14.00

Desired (SH/Hep) 3.50

[total x-linker] (mM) 4.38

mmoles of total x-linker (mmol) 0.026250

% MMP 100%

[DTT] (mM) 4.38

mmoles DTT (mmol) 0.026250

Mass of DTT (mg) 4.05

HA-Norb Stock (HEPES) Volume (uL) 1053.25

RGD Stock (DiH2O) (uL) 50.00

TCEP 277.50

HEPES (uL) 1662.32

Initator (uL) (1 wt% Stock) 20.99

HA-Norb Stock (HEPES) Volume (uL) 1053.25

Hep-Norb Stock (HEPES) Volume (uL) 465.32

DTT Crosslinker (DiH2O) (uL) 1050.00 Tube #2 3) Make tube 2

Initiator (uL) (2 wt% Stock) 367.36 4) Make a 2% stock of LAP and add to tube 1

Total (uL) 6000.00 5) Add tube #2 to tube #1 and vortex

Tube #1

1) Combine and expose to 10mW/cm^ 2 UV 

light for 2 min or Visible light for 5 min in a 

open 1.5 mL tube 

6) Add to 3% Span 80 in Hexane Solution in 

glass vial, short vortex (one-onethousand), 

transfer to sigmacoated rb flask, stir at 600 

rpm with small stirbar, and expose to 

20mW/cm^ 2 UV light for 20min

2) Add to tube 1
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9.7 µbead Synthesis 

Material: 
Hardware 

 Light Source 

o UV Light Source (ML-) 

 1.5 mL Centrifuge Tube 

 Small stir bar 

 Stir plate 

 Round bottom flask 

 RNA/DNA free 50mL conical 

tubes 

 Table top centrifuge 

 Incubator at 37°C 

 Mesh Filters, 200 µm (yellow), 100 

µm (brown), 60 µm (green), and 20 

µm (blue) 

 Sterile 50 mL Conical Tubes 

 Screw top 1.5 mL Centrifuge Tube 

Soft Material 

 HA-Norb/Hep-Norb 

o HA-Norb (MW 60,000 Da) (See HA-Norb Synthesis) 

 Di-thiol-containing linker peptide/polymer (xlinker) 

o DTT (MW 154.25 Da) (Sigma-Aldrich, D0632) 

 Thiol-containing Pendent Peptide (bioactive signal) (GenScript or 

Peptide Synthesis) 

o RGD (RGDSPGERCG) (MW 1074.13 Da) 

o K peptide (FKGGERCG) (MW 893.95 Da) 

o Q peptide (NQEQVSPLGGERCG) (MW 1514.56 Da) 

 Photo-initiator 

o Lithium Phenyl(2,4,6-trimethylbenzoyl)phosphinate 

(LAP) (TCI America, L0290) (MW 294.21 Da) (visible 

light photo-initiator and UV light photo-initiator) 

 TCEP (MW 286.65 Da) 

 Buffer (pH 7.4) 

o 1xPBS (pH 7.4) or HEPES (pH 8.3) 

o DiH2O 

 Sigmacoat 

 Hexane 

 Span80 

 

Procedure for making the gel solution: 

1.11. Weight out the dry reagents, remove liquid aliquots and lyophilized aliquots from the 

freeze to equilibrate to room temperature before use.   

1.12. Make the photo-initiator stock solution. 

a. LAP: Make a 1 wt% solution in DiH2O (Note: Make fresh and protect from light) 

1.13. Dissolve HA-Norb/Hep-Norb in HEPES buffer at 0.1 mg/μL  

1.14. Dissolve the bioactive signals in HEPES at 60mM (RGD) and 30mM (K peptide and Q 

peptide) to make the bioactive signal stock solutions (Note: The thiol group will begin 

forming di-sulfide bonds (S-S) that will reduce the incorporation efficiency of the bioactive 

signal so minimize the time this solution is dissolve in aqueous solutions at room 

temperature.)  

1.15. Dissolve the TCEP in DiH2O at 50mM. 

2.1. For clustering: combine the HA-Norb, bioactive signals, TCEP, excess HEPES and LAP 

stock solutions according to the Excel file and expose the solution to UV light  

a. UV:1 minute exposure at 10 mW/cm2 

2.2. Add the additional HA-Norb/Hep-Norb after exposing the solution and freeze the aliquot at 

-80 for use later or use.  

(This is now considered Tube 1.) 

3.1. Dissolve the xlinker in DiH2O at 25 mM to make the xlinker stock solution and freeze the 

aliquot at -80 for use later or use. (Note: The thiol group will begin forming di-sulfide 

bonds (S-S) that will reduce the incorporation efficiency of the bioactive signal so 

minimize the time this solution is dissolve in aqueous solutions at room temperature. 

However DTT is more stable than other linkers. If other linkers are used include TCEP)  

(This is now considered Tube 2.)  

4.1. Thaw Tube 1 and Tube 2 aliquots from -80 at 37°C. 
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4.2. Make the photo-initiator stock solution 

a. LAP: Make a 2 wt% solution in DiH2O (Note: Make fresh and protect from light) 

4.3. Add LAP (see Excel file for volume) to tube 1 and then tube 2 to tube 1, vortex, centrifuge 

and load into the already prepared round bottom flask. 

4.4. Expose the solution to 20 mW/cm2 UV light for 20 minutes while the solution is stirring 

and being purged with N2 (Oxygen will deactivate the LAP radicals) 

 

Procedure for preparing the round bottom setup: 

1.1. Take the clean round bottom flash out of the oven, load with sigmacoat, and incubate while 

swirling for 1 minute. 

1.2. Pour the sigmacoat back into the stock bottle and dry the round bottom flask using air. 

1.3. Setup the light source so the entire base of the flask is being exposed to light between 15-

20 mW/cm2 UV light 

1.4. Make a 3% Span80 in hexane solution and add 10 mL to the round bottom flask. 

1.5. To one of the two openings to the flask load the plunger with the needle connected to the 

N2 line. The needle tip must be submerged in the liquid and there should be a steady N2 

bubbling to purge the solution of oxygen. 

1.6. Load the stir bar and spin the solution at 600 rpm.  

1.7. Temperately rotate the UV light guide and focal lens to open the space above the round 

bottom flask.  

1.8. Load the gel solution, vortex quickly.  

1.9. Re-align the light source and expose the sample for 20 minutes.  

2.1. Collect the hexane/gel solution from the round bottom into the RNA/DNA free 50 mL 

conical tube, rinse the round bottom flask once with fresh hexane to make sure all the gel is 

collected and either continue to make beads with more rounds following steps 1.4 to 1.9 or 

move to purification.  

3.1. Spin the RNA/DNA free 50 mL conical tube/s down in the TC room at 250 g for 1 minute 

and remove the hexane solution off the top. 

3.2. Add fresh hexane, vortex, spin as noted in step 3.1, and remove the hexane off the top. 

3.3. Repeat step 3.2 two more times for a total or 3 fresh hexane washes. 

3.4. Add sterile 1xPBS with 1% Pluronic to the beads, vortex, and incubate for a minimum of 

30 minutes.  

3.5. Store the gels at 4°C until filtering. 

 

Procedure for filtering beads: 

1.1. Make sure the beads are diluting 1:10 to filter, leaving room in the RNA/DNA free 50 mL 

conical tube to wash the tube out before disposal.  

1.2. Gather the filters (stored in 70% ethanol) and two sterile 50 mL conical tubes into the hood.  

1.3. Once the dissolve beads have been resuspended, by using a vortex or inverting, filtering 

can begin. 

1.4. Using a 5 mL pipet transfer the diluted beads to the top of the filter mesh, press the tip 

firmly against the mesh and slowly expel the solution from the tip while slowly moving the 

tip around the surface of the mesh. This will minimize smaller beads getting stuck in the 

packing of the larger beads.  
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1.5. Add more sterile 1xPBS to the RNA/DNA free 50 mL conical tube to rinse the tube and 

then repeat step 1.4. 

1.6. Dispose of the RNA/DNA free 50 mL conical tube that has been rinsed of bead solution.  

1.7. Collect the beads from the top of the filter using a 100 µL positive displacement pipet into 

a screw top 1.5 mL centrifuge tube. 

1.8. Perform steps 1.4 and 1.7 for each of filter size (200, 100, 60, 20 µm). 

1.9. Spin the last 50 mL conical tube at 5250 g for 10 minutes and collect the pellet into a screw 

top 1.5 mL centrifuge tube.  

1.10. Add isopropanol, vortex, and spin at 250 g for 1 minute or until pelleted to remove 

surfactant 

1.11. Swell in 1xPBS overnight, change the 1xPBS and then autoclave DILUTED beads. 

1.12. Store the beads at 4°C until staining or using.  
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9.8 µbead Post-Modification with Alexa-Tet 

Material: 
Hardware 

 1.5 mL Centrifuge Tube 

 Vortex 

 Table top centrifuge 

Soft Material 

 HA-Norb MAP beads 

o (See HA-Norb MAP gel Synthesis) 

 Alexa###-Tetrazine 

o Alexa647-Tet (MW 5264.53 Da) (See Alexa###-Tetrazine 

Synthesis) 

o Alexa555-Tet (MW 5264.53 Da) (See Alexa###-Tetrazine 

Synthesis) 

o Alexa488-Tet (MW 4735.19 Da) (See Alexa###-Tetrazine 

Synthesis) 

 All tags are dissolved in DMF at 1 mg/mL 

 Aliquots stored in the Chem Freezer 

 Buffer (pH 7.4) 

o 1xPBS (pH 7.4) or HEPES (pH 8.3) 

o DiH2O 

 

Procedure for tagging HA-Norb hydrogel beads: 

1.16. Determine the volume of staining solution needed 

a. The bead volume should represent 2/3 of the total volume so that the beads are easy 

to resuspend in the staining solution. (ex: 200 µL of beads will need 100 µL of 

staining solution, bead volume/2 = staining solution volume needed) 

1.17. Make ~0.015 mM staining solution, fresh, by diluting the Alexa###-Tetrazine stock 

solutions in 1xPBS using the following dilutions: 

a. Alexa647-Tet: Dilution 1:13 (for 100 µL total staining solution, add 7.7 µL 

Alexa647-Tet stock to 92.3 µL 1xPBS) 

b. Alexa555-Tet: Dilution 1:13 (for 100 µL total staining solution, add 7.7 µL 

Alexa555-Tet stock to 92.3 µL 1xPBS) 

c. Alexa488-Tet: Dilution 1:14 (for 100 µL total staining solution, add 7.2 µL 

Alexa488-Tet stock to 92.8 µL 1xPBS) 

1.18. Combine the beads with the staining solution in a 1.5 mL centrifuge tube and vortex to 

resuspend the beads. 

1.19. Foil the 1.5 mL centrifuge tube, place it on the vortex, and incubate at room temperature 

overnight.  

1.20. Spin the beads at 14,000 rpm for 5 minutes to pellet the beads. 

1.21. Remove the solution from the beads, dilute in sterile 1xPBS, resuspend, and repeat step 1.5.  

1.22. Repeat step 1.6 twice for a total of 3 sterile 1xPBS washes.  

1.23. Store beads at 4°C until they are used or autoclaved 
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9.9 µbead to Cryobead 

Material: 
Hardware 

 1.5 mL Centrifuge Tube 

 Table top centrifuge 

 Liquid Nitrogen 

 Lyophilizer 

 

Soft Material 

 HA-Norb/Hep-Norb MAP beads 

o (See µbead Synthesis) 

 

Procedure for making cryobeads from µbeads: 

1.24. Spin the beads at 14,000 rpm for 5 minutes to pellet the beads  

1.25. Remove the solution from the beads, so they are “dry”, mark the gel volume on the tube 

with a pen 

1.26. Freeze dry beads in liquid nitrogen and loosen the 1.5 mL tube screw cap.  

1.27. Lyophilize  

1.28. Dissolve the power in enough 1xPBS to get just short of your pen mark. 

1.29. Allow 30 minutes for beads to swell and store at 4°C until further use. 
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9.10 µbead/Cryobead Annealing with Tetra-PEG-Tet 
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