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Three-dimensional (3D) in vitro culture systems that provide controlled, 

biomimetic microenvironments would be a significant technological advance for both 

basic cell biology research and the development of clinical therapeutics (e.g., as in vivo 

cell delivery constructs). A variety of signals determine cell phenotype, including those 

from soluble factors, immobilized biomolecules, mechanical substrates, and culture 

geometry. My research seeks to create hydrogel culture systems that incorporate these 

signals in a defined, controllable manner. Specifically, I have focused on developing 

hydrogels based on the extracellular matrix (ECM) component hyaluronic acid (HA) with 

precisely specified mechanical, chemical and geometrical microenvironments. For 

example, the mechanical environment presented by HA hydrogels was tuned to span the 

threefold range measured for neonatal brain and adult spinal cord by modifying HA with 

varying numbers of photocrosslinkable methacrylate groups. These hydrogels were used 

to evaluate the effects of mechanical properties of a 3D culture paradigm on the 

differentiation of ventral midbrain-derived neural progenitor cells (NPCs) and results 

demonstrated that the mechanical properties of these scaffolds can assert a defining 
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influence on differentiation. In addition, whole fibronectin was incorporated into HA 

hydrogels as an adhesive factor to encourage angiogenesis in 3D cultures, as interplay 

between endothelial cells and neurons is an important determining factor during NPC 

development and axonal regeneration after injury. To create spatially defined neuronal 

cultures in three-dimensions, multiphoton excitation (MPE) was used to photocrosslink 

protein microstructures within HA hydrogels. This method can be used to create 

complex, 3D architectures that provide both chemical and topographical cues to direct 

cell adhesion and guidance on size scales relevant to in vivo environments. Using this 

approach, both dorsal root ganglion cells (DRGs) and hippocampal NPCs could be 

guided along user-defined, 3D paths. In future studies, these strategies can be combined 

into a single hydrogel to create a culture microenvironment with multiple types of highly 

specified cues (i.e., chemical, topographical, and mechanical).  
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Chapter 1: Biomimetic Microenvironments 

Cells must interact with scaffolds in three basic ways to establish a functional 

tissue: 1) adhere, 2) remodel their surroundings, and 3) spatially organize themselves in a 

way that mimics native tissue (e.g., in blood vessels, endothelial cells are arranged in a 

monolayer on the inner surface of a hollow tube of smooth muscle cells). The chemical, 

mechanical, topographical and geometrical (e.g., two-dimensional (2D) versus three-

dimensional (3D)) nature of the extracellular matrix (ECM) of proteins and 

polysaccharides establishes an ongoing “dialogue” with cells, which affects many cellular 

functions including viability, proliferation, migration and differentiation (Figure 1.1). 

Because the ECM is instrumental in establishing and maintaining organization of 

multiple cell types into whole tissues, a major theme of tissue engineering and 

regenerative medicine is to rationally design scaffolds to mimic the native ECM of the 

tissue of interest. For example, strategic spatial organization of ECM-derived peptide 

sequences may be used to selectively localize adhesion of one cell type over another     

[1-6]. Furthermore, gradients of these peptides and their parent proteins can be used to 

guide cells to specific scaffold locations [7-9]. The studies described in the following 

chapters focus on the development of biomimetic scaffolds for neural applications. 

 

1.1 CURRENT STRATEGIES FOR NERVE REPAIR 

The oriented guidance of injured axons and glia across large injury sites is a major 

obstacle to regeneration in both the peripheral nervous system (PNS) and central nervous 

system (CNS). The current treatment for PNS injury involve suturing ends of a severed 

nerve together in the absence of tension, or for larger injury sites, transplanting a section 

of donor nerve (autologous nerve) from the same patient as a graft to bridge the gap [10].  
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This strategy meets with reasonable success, but requires multiple surgeries and results in 

loss of function at the donor site. A recent clinical alternative for PNS injury, developed 

in Dr. Christine Schmidt’s lab, is to use decellularized cadaver nerve tissue, where the 

immunogenic cell components are removed from the donor nerve while retaining the 

complex structure of the ECM, as grafts [11]. The preserved ECM efficiently guides 

regenerating axons across the injury gap. Despite the decelullarized graft alternative, the 

development of synthetic alternatives could increase availability and lower costs to 

patients. Historically, hollow tubes made of synthetic materials, and sometimes filled 

with collagen, have been used as nerve guidance channels to orient regenerating nerve 

fibers [10]. However, this strategy does not incorporate directional guidance of 

regenerating nerves across a defect, which has proven to be essential for large injury 

gaps. Additionally, there are no current treatments to repair CNS injuries, where an 

environment extremely hostile to axonal regeneration persists [10, 12, 13].  

 

1.2 EXTRACELLULAR MATRIX-BASED SCAFFOLDS 

1.2.1 Hyaluronic Acid Biomaterials 

Hyaluronic acid (HA) has great potential as a base biomaterial in both in vitro 

culture and in vivo tissue engineering applications. HA is a native ECM component that 

is composed of repeating disaccharide units of D-glucuronic acid and                             

N-acetylglucosamine. Because HA has negligible inter-species variation, it exhibits 

excellent biocompatibility and is FDA-approved for ophthalmologic surgeries and 

treatment of osteoarthritis [14, 15]. Small fragments of HA promote angiogenesis and 

have size-dependent biological effects on endothelial cells [16-20]. Beyond promoting 

angiogenesis at the site of injury, HA, which is extrememly hydrophilic and viscous, is 
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thought to "open up" the provisional fibrin matrix in early stages of wound healing, 

allowing for cell infiltration and tissue remodeling [21, 22]. HA also has direct 

antioxidant effects and indirect effects on production of inflammatory cytokines and 

collagen synthesis [22, 23].  

Injecting HA at the site of injury has been shown to reduce scar formation in PNS 

[24] and CNS [25, 26] injuries. Furthermore, it has been reported to increase axonal 

regeneration in the PNS [27, 28]. There is strong evidence that this increased 

regeneration is due, at least in part, to enhanced angiogenesis at the site of injury [29, 30]. 

In addition, high molecular weight HA may reduce glial scar formation by inducing 

astrocytes to remain quiescent [31]. Furthermore, the receptor for hyaluronan-mediated 

motility (RHAMM), expressed on axonal processes, is thought to mediate neurite 

motility and speed migration in the presence of HA [32, 33].  

In addition to wound healing, HA has significant influence on cell phenotype and 

migration during development [34-37]. HA is nearly ubiquitous in native ECM 

throughout the body at all ages, but is particularly abundant in the fetal brain [34, 38, 39] 

and surrounding immature neurons during differentiation in the spinal cord [40], 

indicative of its vital role in CNS development. These findings suggest that HA-based 

hydrogels may present an advantageous environment for the culture and differentiation of 

neural progenitor cells (NPCs). 

 

1.2.2 Proteins and Peptides in Cell Scaffolds 

Scaffolds that mirror native ECM composition have the potential to precisely 

control tissue structure and function by exploiting biomimetic cell-ECM interactions. 

Several short peptide sequences isolated from large ECM proteins have been identified as 

solely sufficient for cell adhesion [3]. As these peptides are easier to chemically modify 
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than whole proteins, many researchers have incorporated them into cell scaffolds to 

promote cell adhesion. Furthermore, these peptides can be chosen to promote selective 

adhesion of specific cell types.  For example, the sequence Arg-Glu-Asp-Val (REDV), 

derived from fibronectin (FN), specifically encourages endothelial cell attachment over 

other cells types [2, 4], while Val-Ala-Pro-Gly (VAPG) from elastin supports smooth 

muscle cells [5]. There is potential to create constructs for vascular applications by 

patterning these peptides in spatially confined regions to generate physiological co-

cultures of endotheial cells and smooth muscle cells.  

Of interest to the work presented in this dissertation, and neural applications in 

general, are peptides derived from laminin, an 840 kDa, three-chain protein present in the 

ECM [41, 42] known to increase neurite extension [7, 42-44]. Several short peptide 

sequences have been identified that act as attachment domains for cells, including Arg-

Gly-Asp (RGD) [45, 46] and Ile-Lys-Val-Ala-Val (IKVAV) [1, 47] from the laminin A-

chain and Tyr-Ile-Gly-Ser-Asp (YIGSR) [47, 48] from the laminin B-chain (Table 1.1). 

The RGD sequence is present on most adhesion ECM proteins, while IKVAV and 

YIGSR are specific to laminin [3]. RGD interacts with cells via membrane-bound 

integrins [45, 49], whereas IKVAV and YIGSR bind to both integrin and non-integrin 

receptors [1, 50, 51]. One study investigated the effects of laminin-derived peptides 

incorporated into crosslinked fibrin networks on neurite extension and found that both 

IKVAV and YIGSR increased neurite outgrowth over controls and RGD alone [52]. 

Other studies show the ability of immobilized gradients of IKVAV to control growth 

cone turning and migration, similar to whole laminin [7, 8]. Furthermore, IKVAV 

peptides specifically promote neuronal cell adhesion and spreading while supporting 

minimal fibroblast and glial adhesion [6]. 
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Potential advantages of incorporating these small peptide sequences into cell 

scaffolds include ease of chemical modification and handling, and the possibility of 

tailoring activity to certain cell phenotypes. However, for certain applications, they may 

be inadequate when compared to the whole protein. The RGD sequence, present on a 

number of ECM proteins besides laminin, is commonly used to increase cell adhesion as 

it binds to a number of different integrins [45, 46]. Moreover, several other integrin-

binding sequences are present on the proteins from which RGD is derived. RGD was 

originally identified in FN [45, 49], where it is accompanied by many additional adhesive 

sequences, including REDV [53] and Pro-His-Arg-Ser-Asn (PHRSN) [54], which 

contribute to the overall biological function (Table 1.1). In particular, the PHRSN 

sequence is known to have synergistic effects when it interacts with cell surface receptors 

in conjunction with RGD [55-58]. In addition, the physical conformation of these small 

peptide sequences is likely different within the context of a whole protein. For example, 

in whole FN, the RGD sequence exists in a cyclical conformation, which has been shown 

to significantly affect integrin-binding activity [56, 59]. Furthermore, even though the 

IKVAV and YIGSR are both only found on laminin, they have differential effects on 

neurite outgrowth individually and synergistic effects when combined [52]. Because 

whole ECM proteins exhibit many different signals that promote the formation and 

function of various tissues, it is likely that short peptide sequences alone exhibit less 

overall activity [3, 60].  
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1.3 MECHANICAL EFFECTS OF SCAFFOLDS 

1.3.1 Durotaxis 

Mechanical stimuli have profound effects on cell phenotype in load-bearing 

tissues such as bone, cartilage, and large blood vessels. These dynamic stimuli have been 

replicated in bioreactor cultures using strategies such as pulsatile flow [61-63] and cyclic 

loading of culture substrates [64-66]. Furthermore, substrate rigidity in static cultures has 

been shown to guide the migration of several cell types in culture, including those 

derived from non-load-bearing tissues, in a phenomenon known as durotaxis (or 

mechanotaxis) [67-72]. In neuronal cultures, mechanical stimuli from culture substrates 

have significant biological effects on neurite outgrowth [73-78]. In particular, softer 

culture substrates correspond with increased neurite outgrowth. However, there is no 

consensus of an optimal mechanical condition for neuronal culture, partly because of 

discrepancies in the experimental design across different studies, including substrate 

materials, range of mechanical properties, culture geometry (2D versus 3D) and the 

origin of cultured neurons.  

The mechanism of durotaxis is not fully understood; however, it is thought that a 

cell interacting with a substrate via transmembrane receptors (e.g., integrins) senses the 

substrate stiffness and responds by matching its own cytoskeletal stiffness [67, 71,72,79]. 

This mechanical feedback influences stress-induced ion channels, focal adhesion 

stability, stress fiber formation, protein phosphorylation, and gene expression when 

cytoskeletal stress is transferred to the nucleus [67, 72, 79-82]. Furthermore, it has been 

hypothesized that cell type-specific responses to substrate stiffness may be dictated by the 

adhesion receptors expressed [70, 71]. 
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1.3.2 Mechanotransduction during Development 

The role of mechanotransduction in developmental biology has only recently 

begun to be explored [81-89]. It has been hypothesized that materials whose mechanical 

properties closely mimic those of the in vivo ECM of a particular soft tissue will provide 

the optimal environment for differentiation of progenitor cells into mature phenotypes 

inherent to that tissue [76, 81, 83, 87-90]. Engler, et al. [81] demonstrated this 

phenomenon by culturing mesenchymal stem cells on substrates with stiffnesses 

approximating those of native brain, muscle, and bone. Remarkably, they observed that 

the differentiation was determined by the substrate's stiffness (i.e., cells on the substrate 

approximating the stiffness of brain became neurons). Furthermore, this result was 

negated when actin fiber formation was inhibited, suggesting that the transduction of 

mechanical stimuli from the substrate to the nucleus occurs through changes in the 

cytoskeletal network [81].  

It is thought that native ECM components directly relay mechanical signals to 

cells via binding to cytoskeleton-coupled receptors [72, 79]. Upregulation of the CD44 

receptor for HA, a major structural component of the ECM [22], has been demonstrated 

in response to dynamic mechanical stimulation of chondrocytes, indicating a role for 

CD44-HA interactions during mechanotransduction [64]. In NPCs, CD44 is highly 

expressed and subsequently down regulated after differentiation [91]. Thus, it is possible 

that CD44-HA interactions directly influence cellullar differentiation via 

mechanotransduction [92, 93]. Likewise, CD44-HA interactions have been implicated in 

endothelial cell differentiation [36, 94].  

In Chapter 3, the effects of substrate mechanics on ventral midbrain-derived 

NPCs in 3D culture are examined. In general, previous studies have reported that softer 

substrates promote differentiation into neurons while harder substrates promote 
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differentiation into glia [83, 84, 86, 89]. Previous studies on effects of mechanical 

properties on NPC differentiation have been evaluated only using synthetic (e.g., 

polyacrylamide) [76, 83, 86] or non-mammalian-derived [84] culture systems, as opposed 

to a culture environment derived from native ECM components. Only one of these 

studies was performed in a 3D culture system [84]. 

 

1.4 EFFECTS OF SCAFFOLD GEOMETRY  

1.4.1 3D Cell Culture Environments 

The development of biomimetic, 3D culture systems would provide a vast 

opportunity for advancements in cell biology and therapeutics, as there are distinct 

differences in cellular behavior and interactions with their surroundings when cells are 

cultured on 2D versus 3D substrates [95-98]. Generally, the phenotype of cells cultured 

on 3D substrates more closely mimics the in vivo phenotype [96, 99, 100]. For example, 

focal adhesions in 3D cultures are dramatically more similar to native ones compared to 

those in 2D culture, in terms of protein content and size [99]. Thus, cells in 3D culture are 

more adept to form functional, mature cell-cell and cell-substrate interactions [99, 100].  

For neural applications, 3D cultures provide several specific advantages. For 

example, only in a 3D environment can cell densities matching those in the native brain 

be cultured, a prerequisite for creating a similar number of cell-cell contacts and synapses 

to that observed in vivo [100, 102].  In addition to synaptic connection between neurons, 

proper associations between axons and glial cells are necessary for functional recovery 

[10, 13]. Furthermore, 3D culture systems could also serve as practical vessels for in vivo 

cell transplantation therapies [103-105]. Several biomaterials, natural [52, 84, 96, 104, 

106-110] and synthetic [30, 105, 111-113], have been used for 3D neuronal cultures. In 
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particular, HA-based culture systems have shown success maintaining neuronal 

phenotypes ex vivo [89, 109, 110]. 

Culture of stem/progenitor cells in 3D systems is also advantageous. Stem cells 

are most often cultured in suspension cultures as spherical bodies of proliferating cells 

(e.g., embryoid bodies for embryonic stem cells or neurospheres for neural stem cells) 

[114, 115]. However, it is difficult to maintain cultured stem cells in a proliferative state 

for extended periods [115]. In a stem cell niche, stem cells are exposed to cell-matrix and 

cell-cell contacts in three dimensions rather than on a flat substrate such as those typically 

used for cell culture. In addition, 3D migration is a requirement for the establishment of 

multicellular structures during normal development [116]. Scaffolds attempting to re-

create ex vivo stem cell niches should mimic this 3D quality, as stem cells cultured in 3D 

exhibit increased proliferation in their undifferentiated state and more efficient 

differentiation than those in 2D [117, 118]. Furthermore, stem cells differentiated in 3D 

environments display a mature phenotype that more closely resembles that of their in vivo 

counterparts [109, 110, 116-120].  

 

1.4.2 Effects of Topographical Feature Size Scale  

Beyond providing cells with chemical cues imparted by ECM-derived materials, 

the physical size scale and architecture of these cues merits consideration. There are three 

distinct size scales to consider when designing cellular scaffolds: the functional tissue 

(>100 µm), the cellular (1-100 µm), and the subcellular (nanostructural; <1 µm) [121]. 

For example, in the PNS, nerve cables at the tissue level can be greater than a millimeter 

thick. These cables consist of an epineural sheath containing several fascicles, which are 

bundles of individual axons wrapped by Schwann cells in layers of insulating myelin, 

composing the cellular level. On the subcellular level, this entire structure is held together 
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by the ECM, which consists of organized proteins and polysaccharides presenting 

nanostructured cues. Cellular phenotype is largely related to the structure and content of 

these proteins, as they form anchorage and signaling contacts with cells [122-125]. The 

main ECM component in the PNS is laminin, which exhibits a configuration on the order 

of 70 nm [126, 127]. CNS neurons can respond to cues as small as 14 nm [128]. 

Of the three size scales in tissues, the nanostructural level is the least understood 

and may have the greatest direct effects on cellular phenotype [129-133]. The prefix 

“nano” in its strictest definition refers to anything with a size scale <100 nm, where 

quantum effects become dominant. However, for the purposes of this discussion, 

“nanofeatures” are defined as those with dimensions <1000 nm, as the main concern for 

biological applications is not with quantum effects but with scaffold feature sizes that 

mimic the native ECM. In general, cells on nanotopographical surfaces demonstrate 

unique cytoskeletal organization, which may be desirable to maintain certain phenotypes 

[133-137].  As seen in 3D cultures, focal adhesions on nanotopography are more similar 

to those in vivo [135]. Likewise, cell adhesion strength significantly increases when the 

spacing between nanofeatures of the substrate is decreased [138, 139].   

Nanostructured scaffolds can be fabricated to take on a variety of morphologies 

and properties to more precisely engineer neuronal behavior and to enhance cell-material 

interfacial interactions. Physiological responses to nanomaterials are highly dependent on 

cell type [129, 140]. For neuronal cells, nanotopography positively influences material 

interactions and cellular phenotype, and neural scaffolds have clearly benefited from the 

incorporation of nanofeatures. Nanoscaffolds in the nervous system have demonstrated 

potential to aid basic biological investigations, interfacing electrode devices, and injury 

repair [132]. For example, alignment of nanofeatures results in alignment neurite 

outgrowth, increased neurite length, and decreased glial adhesion [140-144]. In addition, 
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Yim, et al. [145] demonstrated that nanotopography alone (in the absence of soluble 

factors) promoted increased differentiation of mesenchymal stem cells into neurons when 

compared to larger topographies.  

 

1.4.3 Patterned Proteins for Cell Guidance 

Several investigators have created spatially defined patterns of ECM proteins to 

increase neuronal extension and provide directional guidance on 2D substrates via both 

contact guidance [44, 128, 141, 146-148] and chemotaxis [7, 8, 146, 147, 149-151]. 

Furthermore, the combination of topographical and chemical cues has synergistic effects 

on both the rate and extent of axon elongation in neurons over topographical or chemical 

cues alone [143, 146, 147, 152-154]. Gradients of immobilized biomolecules such as 

laminin [7, 8, 155, 156] and nerve growth factor [147, 149-151, 154, 157] have been 

widely used to guide neurite migration. Techniques to create defined 3D guidance cues 

would offer foundations for various applications, including repair of damaged nerves and 

development of tailored neuronal networks [158]. For example, in certain nerve injuries 

3D guidance may be necessary to maneuver axons around damaged tissue sites or re-

establish branching at the terminal end of an axon, where a nerve impulse must be 

transmitted to the next axon.  

Spatial guidance is likely also necessary to reconstruct accurate stem cell niches 

in vitro [145, 159, 160]. For example, in intestinal stem cell niches it is thought that cell-

cell contacts between intestinal stem cells and a number of other proposed cell types are 

essential to sustain an undifferentiated phenotype [161]. The technology to spatially 

pattern stem cell migration in 3D scaffolds may provide the ability to culture adult stem 

cells for an indeterminate amount of time and later add spatially defined guidance cues or 

a second, co-cultured cell type to promote 3D differentiation. 
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1.5 TECHNIQUES TO CREATE PATTERNED SUBSTRATES 

1.5.1 Overview of Techniques 

Several techniques have been developed to chemically modify biomaterial 

surfaces at submicron scales to control cellular behaviors such as differentiation, 

migration, and directional orientation (Table 1.2).  Photolithography and microcontact 

printing are the two most widely used techniques for this purpose. Although 

photolithography is a well-established technique adopted from the semiconductor 

industry, it is limited by a small range of appropriate materials, typically excluding 

natural materials [162]. Furthermore, photolithography is inherently a 2D technique, 

making it difficult to fabricate complex vertical features.  

Microcontact printing has become a popular technique for patterning 

biomolecules [152, 163-165]; however, like photolithography, essentially only 2D 

substrates can be created. More recently, techniques such as 3D printing [166-168] and 

laser stereolithography [169-173] have been developed that can create 3D structures of 

biomolecules by layering material in 2D planes. In addition, these techniques can be used 

to incorporate live cells within 3D cultures [166, 170, 171]. However, the smallest 

features that can be achieved are larger than size scales in the native ECM (Table 1.2).  

 

1.5.2 Multiphoton Photochemistry  

Hydrogel-like protein nanostructures have been photocrosslinked using 

multiphoton excitation (MPE) [174-189]. Multiphoton photochemistries require a 

photoinitiator or photosensitizer to absorb at least two photons near-simultaneously, 

resulting in the excitation of that molecule to a higher energy state that can participate in 
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radical-mediated reactions or emit fluorescence (Figure 1.2). MPE requires initial 

absorption of a single photon that excites the molecule into a transient energy state. The 

second photon must then be absorbed within a timescale on the order of several 

femtoseconds before the decay of the transient state. For three-photon absorption, the 

third photon must then be quickly absorbed by a second transient state, and so forth. 

Thus, unlike single-photon absorption, the multiphoton absorption process exhibits non-

linear reaction kinetics dependent on the rate constants for the absorption of each photon, 

as described by the following equation (adapted from [190, 191]):  

 

€ 

Nn = δ Pn
ντ

 
 
  

 
 C l

A  ,                    Equation 1.1 

      

where N is the absorption rate for n photons, δ is the multiphoton absorption cross-

section (10-50 cm4 s photons-1 molecules-1, or Göppet-Meyer (GM)), Pn is the average laser 

power (photons s-1) raised to the power of n (number of photons absorbed), ν is the 

repetition rate of the laser (Hz), τ is the laser pulse width (s), C is concentration of 

absorber (molecules cm-3), l is the path length (cm), and A is the cross-sectional area of 

the laser beam (cm2). 

The excited energy states resulting from single-photon and multiphoton 

absorption are indistinguishable, and thus fluorescence emission and photochemical 

processes occurring in this state are virtually identical. However, the photons required for 

single-photon and multiphoton excitation are typically not identical [191, 192]. For 

example, the single photon absorption maximum of fluorescein is centered at 490 nm; 

however, the two-photon absorption maximum is around 800 nm, which is equivalent to 

less than twice the amount of energy required for single-photon excitation [191]. Because 

a high density of photons is required to consistently achieve MPE, photocrosslinking is 



 14 

confined to the focal volume of a pulsed laser, where the highest intensities occur. This 

requirement imparts the advantages of inherent 3D fabrication and high spatial resolution 

(<250 nm [178]). Additionally, MPE uses low average laser powers and relatively long 

excitation wavelengths, allowing for deeper penetration into biological media, and can be 

used with aqueous, cytocompatible chemistries. For example, bovine serum albumin 

(BSA) structures crosslinked in situ with NG108-15 cells (neuroblastoma cell line) were 

able to “corral” neurites within the confines of the structures [178].  

 

1.5.3 Photofabrication of Biomolecule Structures 

Importantly, protein structures photocrosslinked using MPE retain enzymatic 

activity (e.g., alkaline phosphatase – [175]), specific binding capacity (avidin to biotin – 

[178, 193]) and ability to promote cell adhesion (e.g., FN and fibrinogen [182, 184]). The 

retention of bioactivity even in a crosslinked state is most likely because the crosslinking 

mechanism involves a variety of amino acids randomly crosslinked at various points in 

the protein so that overall function is minimally effected. Kopeček and colleagues 

performed a series of studies on the mechanism of single-photon protein 

photocrosslinking via the photo-oxidizable amino acids (i.e., His, Cys, Lys, Trp, and Tyr) 

and characterized the dominance of two possible mechanisms for photosensitization:  

type I) production of a singlet oxygen that reacts with an amino acid side chain to create a 

reactive species or type II) direct abstraction of a hydrogen from an amino acid side chain 

to generate a radical species [194-198]. Specifically, they found that Tyr crosslinking 

photosensitized by flavins is largely a type II photosensitizer [196] and that at least three 

different products of dimerized Tyr exist [198]. Even though crosslinked protein 

structures appear fairly uniform, photocrosslinking likely produces multiple dimers of 

photo-oxidizable amino acids throughout the protein structure. Thus, photocrosslinking 
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does not typically interfere with the majority of amino acid domains that determine 

biological activity.   

Photofabrication using MPE has several advantages as a technique for 

biomolecule immobilization over photolithography, microcontact printing, or single 

photon photochemical reactions, including the availability of non-cytotoxic, water-

soluble photosensitizers, the use of near-infrared excitation wavelengths and low average 

laser powers. Furthermore, MPE imparts the ability to fabricate biomolecule structures 

with submicron spatial and real-time temporal resolution. Additionally, the laser can be 

directed through various optical elements, including masks, to create structures with a 

variety of complex 3D architectures and chemical gradients [185, 187-189].  

 

1.5.4 Patterning Hydrogel Materials 

Hydrogels have grown in popularity as tissue engineering scaffolds because they 

can be designed to exhibit tissue-like mechanical properties [89, 97, 98], ECM-derived 

adhesive peptide sequences (e.g., RGD) [5, 199-202] and biodegradability [203-205], and 

to serve as controlled-release systems [206-208]. However, these macroporous scaffolds 

are limited by their bulk chemical homogeneity and inability to provide spatially oriented 

cues, which are vital for re-establishment of tissue architecture in complex organs [101]. 

A few methods have been reported for patterning adhesive regions onto 2D hydrogel 

surfaces to provide specific control over cell adhesion and migration, including 

microcontact printing [164, 165] and photochemistry [209-211] Additionally, a few 

approaches exist for guiding neuronal outgrowth in hydrogel cultures beyond the 

confines of 2D surfaces [212-217]. However, none of these methods have demonstrated 

arbitrary guidance in 3D cell scaffolds at resolutions approaching the scale of individual 

neurites and synapses. Chapter 4 discusses an improved method by which to pattern 
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hydrogels with topographical and chemical cues and Chapter 5 demonstrates the efficacy 

of this method for 3D cell guidance. 

 

1.6 PREVIEW OF CONTENT 

The following chapters describe advancements towards the fabrication of defined, 

cellular microenvironments that mimic the chemical, mechanical, topographical and 

geometrical landscape of the native tissue ECM (Figure 1.1). The experiments herein 

focus on adding these properties to hydrogel materials based on HA, an ECM-derived 

polysaccharide. Chapter 2 describes the incorporation of HA hydrogels with the adhesive 

protein FN and a simple method by which to modulate hydrogel mechanical properties. 

Chapter 3 describes the 3D culture of both endothelial cells and ventral midbrain-derived 

NPCs in HA hydrogels. Chapters 4–6 detail the use of MPE to photofabricate spatial cues 

for cell guidance along 3D trajectories within HA hydrogels. Notably, this method 

provides both chemical and topographical cues to encourage spatially defined cell 

adhesion and guidance. 
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Table 1.1 Summary of ECM-Derived, Adhesive Peptides 
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 Table 1.2 Current Micro- and Nano-Fabrication Techniques 
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Figure 1.1 Design Parameters for Biomimetic Cell Scaffolds. Aspects of the in vivo 
microenvironment to include in cell scaffolds to achieve better control over 
cell phenotype.  
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Figure 1.2 Process of Multiphoton Excitation. A) Joblanski diagram demonstrating the 
principle of one- and two-photon excitation of a fluorescent molecule. B) 
Schematic showing the linearity of one-photon excitation compared to the 
non-linearity of multiphoton excitation, which is confined to the focal 
volume of the laser. Adapted from schematic by Dr. Bryan Kaehr. C) 
Images of the principles shown in B taken from Zipel, et al. [234]. 
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Chapter 2. Hyaluronic Acid Biomaterials  

2.1 INTRODUCTION 

Hydrogels are popular biomaterials for the engineering of soft tissues because 

they can be designed to match native tissue properties (e.g., water content, chemistry, 

porosity, and mechanics) [1, 2]. In particular, hydrogels based on naturally derived 

materials, such as HA, are of interest because they already possess the chemical signals 

for cell interactions.  For example, HA is degraded in vivo by enzymes (i.e., 

hyaluronidases) present on the cell membrane, allowing cells to remodel the hydrogels 

during migration [3-5]. In addition, HA has been shown to have an important role in both 

angiogenesis and wound healing following injury [6]. Because of its diverse biological 

functions, HA has shown success as a biodegradable material for cartilage repair           

[4, 7-13] and vitreous substitutes [14], and promise as a scaffold for nerve regeneration 

[15-19], vocal fold repair [20-23], wound healing [3, 6, 24], embryonic stem cell culture 

[25, 26], NPC culture [5, 27-29] and model of in vitro model tumor cell behavior [30, 

31].  

Dr. Christine Schmidt’s research group has previously developed 

photocrosslinked HA-based hydrogels with controlled degradation rates, high porosity, 

and angiogenic properties when implanted in vivo [3]. Because the hydrogels are 

photocrosslinkable, they can be created in any macroscopic shape and used to 

encapsulate live cells in a 3D environment. Although minimally adhesive to most cell 

types [3, 32-35], HA hydrogels have been modified with adhesive factors such as ECM-

derived RGD peptides [33, 36, 37]. The first section of this chapter describes the 

modification of HA hydrogels with fibronectin (FN), a large ECM protein                 

(MW ~ 220 kDa) [38] from which the RGD sequence is derived. Although the peptide 
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sequence RGD is known to increase cell adhesion via the αvβ3 integrin, the use of whole 

FN makes available additional sequences important for cell adhesion and signaling (i.e., 

REDV and PHRSN) [39-42].  

Beyond adding adhesive cues to HA hydrogels, the ability to tune mechanical 

properties to reflect native tissues of interest is of great interest. Mechanotransduction in 

soft tissues, particularly its influence on progenitor cell differentiation, has only recently 

begun to be explored [5, 43-47]. Dr. Schmidt's lab, and others, have shown that materials 

whose mechanical properties closely mimic those of the in vivo ECM of a particular soft 

tissue provide an environment conducive to differentiation of progenitor cells into the 

mature phenotypes inherent to that tissue [5, 44, 46, 47]. Thus, the material properties of 

a biomaterial have potential to direct the phenotype of cultured cells. In this chapter, 

methods for creating HA-based, in vitro culture environments with tunable chemical and 

mechanical signaling are described.  

 

2.2 MATERIALS AND METHODS 

2.2.1 HA-Fibronectin Hydrogels 

HA (~1500 kDa) (Sigma-Adrich, St. Louis, MO) and FN (bovine plasma, Sigma-

Aldrich) were acrylated, similar to previously reported methods [3, 33]. Glycidyl 

methacrylate (Sigma-Aldrich) and triethylamine (ThermoFisher Scientific; Pittsburgh, 

PA) were added in a 1:1 v/v ratio to an HA solution (1%, w/v) and allowed to react 

overnight. The product was precipitated twice in acetone (20x volume) (ThermoFisher) 

and lyophilized. 1H-NMR was performed to confirm 11% methacrylation of the product 

(GMHA). All NMR spectra were recorded at the Analytical Services Laboratory at the 

University of Texas at Austin. To acrylate FN, 1 mg of FN in phosphate buffer, pH 7.4, 
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(PBS) was added to 4 mL of 0.1 M sodium bicarbonate buffer (pH 8.5) simultaneously 

with 1 mL 1 M NaOH (Sigma-Aldrich). N-hydroxysuccinimide-polyethylene glycol-

acryloyl (NHS-PEG-Ac, Nektar Therapeutics, Huntsville, AL) (1.4 mg dissolved in 1:1 

DMSO: sodium bicarbonate buffer) was added dropwise to the FN mixture while stirring. 

The product, fibronectin-acryloyl (FNAc), was purified using ultracentrafuge tubes      

(10 kDa cut-off, Millipore, Billerica, MA) according to the manufacturer’s instructions. 

The mixture was allowed to react for 2 h. at room temperature. The pH was maintained at 

8.5 throughout the reaction.  

Modification of FN with acrylate groups was first optimized by performing the 

reaction with a 1:3 ratio of N-hydroxysuccinimide-PEG-fluorescein (NHS-PEG-Fl; 

Nektar Therapeutics) to NHS-PEG-Ac so that the degree of labeling could be estimated 

by comparing the absorbance peak of fluorescein (~490 nm) to the absorbance peak of 

tryptophan (~280 nm). Additionally, modification of FN was confirmed using 

polyacrylamide gel electrophoresis [48]. FN and FNAc (4 µg each) were loaded onto a 

5% acrylamide electrophoresis gel and run at 100 V for approximately 1 h. Gels were 

stained with Coommassie Blue for visualization. All electrophoresis agents (Biorad 

Ready Gel at 5% acrylamide, wide MW range kaleidoscope protein standard, Laemmli 

sample buffer, Coomassie Brillant Blue R-250) were purchased from Biorad (Hercules, 

CA) except for general chemicals (methanol, acetic acid, ß-mercaptoethanol), which were 

purchased from ThermoFisher Scientific. 

Mixtures of GMHA and FNAc (with or without fluorescein) were 

photocrosslinked into hydrogels in the presence of 0.3–0.5% Irgacure 2959 (I2959, Ciba 

Specialty Chemicals, Basel, Switzerland) and 0.1–0.3% N-vinylpyrrolidinone (VP, 

Sigma-Aldrich), a reaction accelerant. Solutions were transferred into 10 mm diameter,   

2 mm deep rubber molds (Grace Biolabs, Bend, OR). The precursor solution was exposed 
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to a broadband UV source centered at 365 nm (average intensity of 10 mW cm-2, 

BlakRay UVP, Upland, CA) to photocrosslink hydrogels (Figure 2.1). Hydrogel weights 

were determined immediately after crosslinking and 24 h. after swelling in PBS at 4°C. 

Degradation experiments were performed in vitro in 50 U mL-1 bovine testes 

hyaluronidase (Sigma-Aldrich) in PBS at 37°C. Hydrogel weights were determined at 

specified time points during degradation and normalized to initial swollen weights. 

A ninhydrin assay to quantify amine content was performed similarly to 

previously described [33, 49, 50]. Briefly, hydrogels were dehydrated and dissolved in 

13.5 M NaOH in an autoclave. After dissolution, samples were neutralized with 

concentrated HCl. Volume of samples was adjusted to keep the concentration constant. 

Ninhydrin reagent was freshly mixed by dissolving 200 mg ninhydrin in 75:25 ethylene 

glycol:4 N acetate buffer, pH 6, to make 10 mL of solution. To this solution, 250 µL of a 

1% solution of SnCL2•2H20 in ethylene glycol was added. Hydrogel samples were 

pipetted in triplicate into a 96-well plate, incubated with 80 µL of freshly mixed 

ninhydrin reagent and boiled at 100 °C for 10 min. Absorbance of samples at 565 nm was 

then read and amine concentration was quantified by comparison to BSA standards. All 

reagents for the ninhydrin assay were purchased from ThermoFisher Scientific.  

 

2.2.2 HA Hydrogels with Tunable Mechanical Properties 

Methacrylic anhydride (MA, ThermoFisher Scientific) was added to HA          

(1% w/v) on ice dropwise at various molar ratios (Table 2.1). The reaction pH was 

maintained between 8 and 11 and the reaction was continued overnight in the dark at       

4°C. The methacrylated-HA product (MAHA) was then precipitated twice in cold ethanol 

followed by dialysis (50 kDa cut-off tubing, Spectrum Laboratories, Rancho Dominguez, 

CA) against water for at least 72 h. Purified MAHA was lyophilized and stored 
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desiccated at -20°C until use. 1H-NMR analysis was performed to determine the degree 

of methacrylation as previously described [51]. For photocrosslinking, a precursor 

solution of I2959 and MAHA was allowed to dissolve for approximately 48 h. in PBS. 

The precursor solution was exposed to UV (as described above) for either 120 s (5x and 

10x MAHA) or 105 s (20x MAHA) to photocrosslink hydrogels (Figure 2.1). Enzymatic 

degradation was performed as described above. Hydrogel weights were determined at 

specified time points during degradation and normalized to initial swollen weights. 

Hydrogel weights and volumetric measurements (diameter and thickness) were recorded 

immediately after crosslinking and 24 h. after swelling in PBS at 4ºC. Swelling ratios are 

reported as swollen weight in PBS divided by initial weight in addition to swollen 

volume divided by initial volume of molds. Two-factor ANOVA (p < 0.05), along with 

the Bonferroni method for individual comparisons, was used to find the presence of any 

statistically significant differences. Differences in crosslinking density were also 

investigated by observation of the diffusion of a small, fluorescent dye (DAPI) into the 

hydrogels after a 15 min. incubation at room temperature. Hydrogels of 5x, 10x and 20x 

MAHA were photocrosslinked as described for swelling, expect instead of using rubber 

molds, crosslinking was performed on the surface of methacrylated microscope slides 

(Cel Associates, Houston, TX). All three hydrogel types were crosslinked in tandem as 

adjacent “stripes” on the methacrylated slide. Hydrogels were swelled to equilibrium in 

PBS before incubation with dye. Fluorescence images were quantified by calculating the 

integrated density of fluorescence signal normalized to area in NIH ImageJ software 

(National Institutes of Health, Bethesda, MD). 
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2.2.3 Mechanical Testing 

2.2.3.1 Measurements of Bulk Compressive Moduli 

Bulk compressive moduli of hydrogels and native rat tissue were determined 

using an Instron apparatus (Model 3345, Instron, Norwood, MA). Samples were 

compressed at a rate of 0.1 mm s-1 to at least 60% strain. Moduli were calculated as the 

slope of the linear region on the normalized plot of stress versus strain, which fell within 

the first 20% of strain [8]. Two-tailed student’s t-tests were used to evaluate statistical 

significance, which was identified when p < 0.05. 

Hydrogels were prepared using a procedure designed to mimic that used for cell 

photoencapsulation. A precursor solution of 0.36% I2959 and 1.8% MAHA was first 

exposed to UV for 30 s (5x and 10x MAHA) or 15 s (20x MAHA). PBS was mixed into 

the partially crosslinked hydrogels at an appropriate volume to dilute the final 

concentration of I2959 to 0.30% and MAHA to 1.5%. Hydrogels were then exposed to a 

final 90 s of UV (for cell photoencapsulation procedures, culture medium containing cells 

was used instead of PBS). Hydrogels were made in 10 mm diameter, 2 mm deep molds 

and allowed to swell to equilibrium in PBS prior to testing. 

Brain tissue was isolated from rats (Sprague Dawley, Charles Rivers, 

Wilmington, MA) at postnatal day 4, day 11 and 8 weeks. Tissues were kept in Hank’s 

balanced salt solution without calcium and magnesium (HBSS, Sigma-Aldrich) on ice 

and tested within 30 min. of isolation. Samples were allowed to warm to room 

temperature (10 min.) before testing. Brain slices were cut into cylinders with dimensions 

of approximately 5 mm diameter, 3 mm thickness. Spinal cords were isolated from eight-

week-old rats and cut into rectangles varying from 3 to 5 mm by 7 to 9 mm. Sample 

thickness ranged from 1.5 to 2.2 mm.  
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2.2.3.2 Measurements of Microscale Compressive Moduli 

Measurements of compressive moduli were also performed using a 

nanoindentation method. Thin hydrogel layers (~1 mm swollen thickness) were prepared 

on acrylated slides and kept hydrated in PBS. An atomic force microscope (AFM, 

Asylum MFP-3D-Bio, Santa Barbara, CA) was used to perform 8 x 8 point arrays of 

indentation over a 70 x 70 µm area of each hydrogel.  Indentation probes had spring 

constants of 4.5 nN nm-1 and were fitted with 10 µm diameter borosilicate beads on the 

tip (Novascan, Ames, IA). Moduli were calculated by fitting results to a spherical Hertz 

model [52]. Each point was indented to a set force threshold of 2 nN, resulting in typical 

indentation depths of 700 nm–1.5 mm. Moduli were calculated from data collected at 

100–200 nm of indentation after initial contact between the probe and the material. 

Student’s two-tailed student’s t-tests were used to evaluate statistical significance, which 

was identified when p < 0.05. 

 

2.3 RESULTS AND DISCUSSION 

2.3.1 Fibronectin-GMHA Hydrogels 

The FNAc reaction was optimized for reaction time and pH; however, reactant 

concentration was not varied as NHS-PEG-Ac was always added in excess. In some 

cases, NHS-PEG-Fl was substituted in lieu of or in combination with NHS-PEG-Ac such 

that the ratio of the absorbance peaks of fluorescein (490 nm) and tryptophan (280 nm) 

could be used to determine to the degree of labeling. After purification, these absorbance 

peaks were measured in a standard spectrophotometer (Figure 2.2). Reaction times of 2 

and 24 h. were evaluated; however, increasing the reaction time from 2 to 24 h. did not 

result in additional labeling. Reaction pH was varied from 7.5 to 8.5. The ratio of the 
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absorbance peaks of fluorescein (490 nm) and fibronectin (280 nm) was nearly two times 

larger at pH 8.5 than pH 7.5 and 8.0 (Figure 2.2).  

Approximate degree of labeling using these optimal conditions was 12 molecules 

of fluorescein per molecule of FN, which was consistent between batches (range of     

10–13 fluoresceins per FN).For reference, as the NHS group is most reactive with 

primary amines and bovine FN contains 80 lysines [53] (although it is likely that not all 

of these are accessible in the native conformation). A degree of labeling of 12 would be a 

greater than 10% labeling efficiency, which was unexpectedly high. This may be 

accounted for by non-specific binding between fluorescein and FN and/or lack of 

complete purification of unreacted molecules. To determine the amount of unbound 

fluorescein present in the product, the reaction between NHS-PEG-FL and FN was run in 

the presence of an excess of glycine in the reaction mixture, which should block the 

reaction with FN since it is a sterically unhindered primary amine. Despite blocking with 

glycine, results showed a ratio of 3 fluorescein molecules per FN molecule. This 

indicates that around 25% of the fluorescein detected in the normal product was not 

covalently bound to FN (Figure 2.2D and Figure 2.3). This equates to a specific degree 

of labeling of 9 fluorescein molecules per FN molecule (~7% of lysines).  For a given 

concentration of the FNAc added to GMHA hydrogels (assuming that the reaction 

kinetics are similar between NHS-PEG-FL and NHS-PEG-acryloyl), it was estimated that 

a similar number of FNAc are available for crosslinking. Additionally, gel 

electrophoresis (Coomassie and silver stains) confirmed an increase in molecular weight 

of FNAc compared to the unmodified FN (Figure 2.3). 

Whole FNAc was efficiently incorporated into HA hydrogels through covalent 

bonds, and the bound FNAc was better retained than physically incorporated FN. FNAc 

incorporation into photocrosslinked GMHA hydrogels was confirmed by assaying 
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lyophilized hydrogels for the presence of amines after one week of washing in buffer 

(Figure 2.4A). Significant differences (p < 0.05) were found between the amine content 

in GMHA hydrogels with FNAc and those with unmodified FN incorporated during 

photocrosslinking, indicating that covalent incorporation does enhance retention of FN in 

the HA hydrogels. It should be noted that since the glucuronic acid component of HA 

contains a secondary amine group, a large background signal from GMHA hydrogels 

without added protein was observed. However, no significant differences were observed 

between the signal from plain GMHA hydrogels and those with non-covalently 

incorporated FN (Figure 2.4A).  

Despite the lack of significant differences between GMHA hydrogels and GMHA 

hydrogels with unmodified FN, there still may be some unmodified FN retention in these 

hydrogels. It has been previously reported that FN binds to both crosslinked [54] and 

non-crosslinked (Kd~10-7 M) [55] HA. To visualize the presence or absence of FN in the 

hydrogels, either fluorescein-tagged FN or fluorescein-tagged FNAc was incorporated 

into GMHA hydrogels. Fluorescence of the hydrogels over a one-week period of washing 

in PBS was observed. (Figure 2.4A,B). Initially, fluorescence in both hydrogel types was 

comparable; however, over time GMHA-FNAc hydrogels retained a higher fluorescence 

signal than those with unmodified FN. The fluorescence signal still present in GMHA 

with non-covalently bound FN indicates that non-covalent interactions also effect FN 

incorporation into GMHA hydrogels. No significant differences were observed between 

the enzymatic degradation of GMHA hydrogels and GMHA-FNAc composite hydrogels 

(Figure 2.5). After 2 h. in hyaluronidase, the gels had lost around 75% of their original 

swollen weight, which agrees with previous reports [3, 33].  
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2.3.2 HA Hydrogels with Tunable Mechanical Properties 

2.3.2.1 MAHA Hydrogel Development 

HA hydrogels were fabricated using aqueous chemistries and a constant, high 

molecular weight HA (~1500 kDa), as is observed in homeostatic tissues in vivo. These 

hydrogels were fabricated with a range of crosslinking degrees, resulting in hydrogels 

with varying porosities, degradation rates, and mechanical properties. HA was modified 

using methacrylate groups with a predictable degree of substitution (defined as the 

percentage of methacrylates per disaccharide) over a five-fold range by varying the molar 

ratio of MA to HA during transesterification (Figure 2.6). Ratios of 5-, 10- and 20-fold 

MA to HA were used, yielding MAHA with 37 ± 18% (n = 13), 87 ± 22% (n = 12) and, 

160 ± 32% (n = 9) degrees of substitution (mean ± standard deviation), respectively, as 

determined from 1H-NMR (Table 2.1). Because there are four hydroxyls available for 

modification per HA disaccharide, substitution degrees up to 400% are theoretically 

possible. The schematic in Figure 2.6A depicts transesterification at the site most readily 

available for modification. Hereafter, hydrogels produced using MAHA with different 

degrees of substitution will be referred to as 5x, 10x and 20x MAHA hydrogels, to define 

the molar ratio of MA to HA used for HA modification. 

Phase separation occurs when MA is added to HA in an aqueous solution [56]. 

Furthermore, there is a pH- and temperature-dependent conversion of methacrylic 

anhydride to methacrylic acid in water, which is not reactive with sugar polymers [56, 

57]. Here, we use up to a 20-fold molar excess of MA with HA by stirring to reduce 

phase separation. It also should be noted that maintenance of the reaction temperature (on 

ice) and pH (between 8 and 12) were important in preventing excessive MA conversion 

to methacrylic acid.  
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Previous methods have reported only a single purification step, either 

precipitation in ethanol [3, 7, 51, 54] or dialysis against water [8]. When only one of 

these purification methods was performed, we observed impurities on 1H-NMR spectra 

that appeared as additional splitting of the methacrylate peaks (Figure 2.6B,C), 

indicating the presence of unreacted MA or methacrylic acid contaminants in the product. 

Therefore, we devised a purification scheme that included precipitating twice in cold 

ethanol, then dialyzing against water for at least 72 h. After completion of both 

purification steps, extraneous proton peaks were not observed on 1H-NMR spectra of the 

product, indicating a purified product (Figure 2.6D). Unreacted MA and methacrylic acid 

contaminants should be removed during ethanol precipitation; however, some MA and 

methacrylic acid likely became entrapped in the large HA chains even after extensive 

rinsing in ethanol. Thus, these molecules were removed by molecular weight separation 

during dialysis.  

Hydrogels were crosslinked from MAHA (5x, 10x, 20x) using I2959 as a radical 

photoinitiator and were degraded in vitro by hyaluronidase (Figure 2.7D). In general, 

degradation rates correlated with degree of methacrylation, with the most highly 

substituted MAHA hydrogels degrading slowest. Significant differences in weight loss 

between different hydrogels were first observed at the 4 h. time point, when 50–60% 

weight loss had already occurred for all three hydrogel types. By 6 h., 5x MAHA 

hydrogels had completely degraded. Significant differences between 10x and 20x MAHA 

hydrogels were only apparent after 9 h. To fully degrade, 10x and 20x MAHA hydrogels 

required 12 h. and 24 h., respectively. There were no significant differences between 

swelling ratios in PBS for all three hydrogel types (Figure 2.7A); however, differences 

were observed in the diffusion of a small, fluorescent dye (DAPI) into the hydrogels, with 
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permeation rates inversely related to methacrylic anhydride modification               

(Figure 2.7B,C).  

Although modification of HA with methacrylate moieties has been reported 

previously [7, 8, 51, 54, 56], it has been difficult to reproducibly achieve high degrees of 

substitution using aqueous conditions (i.e., above 20%). Reaction of HA with glycidyl 

methacrylate in polar organic solvents has been reported to increase yields up to 120%; 

however, the low solubility of HA in non-aqueous media required an additional step in 

which the cation associated with the glucuronic acid (typically Na+) was first exchanged 

with a tetrabutylammonium cation before dissolution in organic solvents [56]. 

Furthermore, the reaction of glycidyl methacrylate with hydroxyls can lead to a mixture 

of two products (a ring-opening and a transesterification product; see Figure 2.1A) with 

varying numbers of carbons present on the crosslinker arm before the methacrylate group 

[58]. 

Previously, reaction time has been used to control degree of substitution [51]; 

however, the resultant range of methacrylation (3–18%) is likely not wide enough to 

obtain a hydrogel system with broadly tunable mechanical properties. Degree of 

substitution has also been tailored by varying HA molecular weight while maintaining a 

constant molar ratio of the reactants [8]. However, varying HA molecular weight can 

have profound effects on cell signaling [59, 60]. More recently, Burdick and co-workers 

[4, 61] described the synthesis of HA-based hydrogels with constant, mid-range 

molecular weight by varying the amount of an added ε-caprolactone crosslinker arm, 

rendering the hydrogels hydrolytically degradable. However, for investigations of cell 

interactions with native ECM components, the addition of an extra synthetic component 

whose degradation is not controlled directly by cell migration may not be desirable. 
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2.3.2.2 Mechanical Characterization of Hydrogels and Neural Tissues 

In order to match biomaterial mechanics to native neural tissues, the mechanics of 

these native tissues were first measured. Compressive moduli of native neural tissue 

explants from rats (neonatal brain, adolescent brain, adult brain, and adult spinal cord) 

were determined (Figure 2.8C). Moduli found for neonatal brain tissue (2.6 ± 0.3 kPa, 

mean ± S.E.M.) were in the range of those previously reported for brain tissue [62]; 

however, adolescent and adult brain tissues were significantly stiffer (5.5 ± 0.7 kPa and 

5.7 ± 0.6 kPa, respectively, with no significant differences between the two groups). 

Compressive moduli of adult rat spinal cords were measured to be 8.1 ± 1.1 kPa, which 

agrees with previously reported values [63].  

Hydrogels were fabricated from MAHA with varying degrees of crosslinking, 

resulting in a range of material properties. It has been hypothesized that differentiation of 

progenitor/stem cells into the mature phenotypes present in vivo can be positively 

influenced by matching the mechanical properties of the cell culture environment with 

those of the specific native tissue [43, 44]. Thus, the goal of these studies was to match 

the hydrogel mechanical properties to those of native neural tissues. The compressive 

moduli of MAHA hydrogels with three different degrees of substitution were measured 

using both macroscale and microscale methods.  

Compressive moduli were obtained for MAHA hydrogels photocrosslinked using 

a total UV irradiation time of 120 s (5x and 10x) or 105 s (20x) (Figure 2.8A,B). 

Significantly higher compressive moduli were measured for 20x (5.1 ± 0.4 kPa, mean ± 

S.E.M.) compared to 10x (4.2 ± 0.4 kPa) and 5x (3.0 ± 0.4 kPa) MAHA hydrogels. 

Exposing the gel precursor solution to UV for greater than 240 s achieved no evident 

increase in mechanical properties or resistance to hyaluronidase degradation, indicating 

that the maximum number of available crosslinks had formed. Alternative procedures for 
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hydrogel photocrosslinking with UV irradiation were investigated, but not utilized in 

these studies because the resulting compressive moduli did not encompass the range 

found for native brain (Figure 2.8B).  

Compressive measurements obtained with the Instron instrument represent bulk 

hydrogel properties as opposed to the microscale mechanical properties on the order that 

cells would experience in vitro. In addition, the softest hydrogels tested (5x MAHA) were 

likely at the lower end of the sensitivity of the Instron load cell available to us. Therefore, 

further mechanical characterization of hydrogels was performed using an AFM to 

determine microscale compressive moduli (Figure 2.9A). Compressive moduli for 

MAHA hydrogels obtained using the AFM were as follows: 5x (1.47 ± 0.03 kPa, mean ± 

standard deviation), 10x (2.57 ± 0.02 kPa) and 20x (7.58 ± 0.03 kPa). Results obtained 

using both methods of mechanical characterization are summarized in Table 2.1.  

Additional AFM force measurements were taken over a 70 x 70 µm square area to 

evaluate the homogeneity of the cellular level mechanical properties  (Figure 2.9B-D). 

Although the standard deviation of the average moduli for all three hydrogel types was 

very similar (all < 0.03 kPa), the 20x MAHA hydrogel had isolated regions that exhibited 

higher variability. This may be due to the higher viscosity and lower water solubility of 

the more highly methacrylated MAHA, which may lead to a less homogenous mixture of 

the hydrogel precursor solution prior to crosslinking. 

In summary, modified HA polysaccharides were photocrosslinked into hydrogels 

with tunable mechanical properties exhibiting bulk compressive moduli ranging from    

3–10 kPa, which spans the range of moduli found for native CNS tissues. The least 

substituted hydrogels, 5x MAHA, exhibited an average compressive modulus (as 

determined by both the Instron and AFM methods) close to that of neonatal brain. 

Likewise, the average compressive modulus of the most highly substituted hydrogels 
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(20x MAHA) matched that of adult brain. Although adult spinal cord had a higher bulk 

compressive modulus than the 20x MAHA hydrogels, when UV irradiation was increased 

during photocrosslinking (up to 4 min.), these hydrogels exhibited an average modulus of 

11 kPa (Figure 2.8B). Interestingly, the microscale modulus of the 20x MAHA 

hydrogels, measured using AFM, was more similar to the bulk modulus measured using 

the Instron for adult spinal cord (although still slightly lower). However, it is difficult to 

compare these two results directly, as measurements of the microscale modulus of spinal 

cord with AFM were not acquired. Notably, MAHA with different degrees of substitution 

could be mixed at varying ratios to create hydrogels with mechanical properties along a 

spectrum between the compressive moduli of neonatal brain and adult spinal cord. 

Furthermore, less photoinitiator or UV irradiation could be used to create softer 

hydrogels.  

 

2.4 CONCLUSIONS AND FUTURE DIRECTIONS 

HA can be modified with photocrosslinkable acrylate moieties to create 

mechanically tailored cell scaffolds. In addition, small peptides or whole proteins, with 

acrylate-modified amines, can be covalently incorporated into hydrogels at varying 

densities via the same radical-mediated photocrosslinking mechanism. These hydrogels 

could be diversified by forming hydrogels with stiffnesses intermediate or beyond the 

range presented in this study. Stronger hydrogels could be created by increasing 

photocrosslinking time or by the addition of VP to the hydrogel precursor solution. More 

varied hydrogels could be fabricated by the incorporation of acrylated poly(ethylene) 

glycol (PEG) groups of various molecular weights and conformations [33]. Furthermore, 

this technique is applicable to the majority of proteins and small peptides, which could be 

incorporated into hydrogels either alone or in combination. 
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Table 2.1 Degree of Methacrylate Modification Yields Hydrogels with Tunable 
Mechanical Properties 
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Figure 2.1 Photocrosslinking of HA Hydrogels. A) Schematic of glycidyl methacrylate 
reaction with HA, which yields both a ring-opening and transesterification 
product. Acrylation using methacrylic anhydride yields only the 
transesterification product. B) Schematic of photocrosslinks formed between 
acrylate-modified HA dissacharides in the presence of a UV-activated 
initiator. C) Image of photocrosslinked HA hydrogels. Hydrogels are         
4.5 mm in diameter. 
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Figure 2.2 Absorbance Spectra of Modified FN. Absorbance spectra of fibronectin 
reacted with and 1:4 mixture of acryloyl-PEG-NHS and fluorescein-PEG-
NHS. The reaction was performed in pH 8.5 (A), 8.0 (B), 7.5 (C) and in the 
presence of an excess of glycine at pH 8.5.  
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Figure 2.3 Gel Electrophoresis of Acrylated Fibronectin (FNAc). Lanes 2-4, FNAc at 
three concentrations increasing from left to right. Lane 5, unmodified FN at 
the same concentration of FNAc in lane 4. Lanes 1 and 6, ladder showing 
myosin standard at 200 kDa. Denatured, unmodified FN is 250 kDa. 
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Figure 2.4 Retention of FN in GMHA Hydrogels. A) Protein content in washed hydrogels 
measured using a ninhydrin assay. Data shown is the mean of two 
experiments (n = 3) and error bars represent standard error of the mean. 
Asterik represents statistical significance (student’s t-test, p < 0.05). B) and 
C) Fluorescence image of HA hydrogels after washing for one week. In B), 
fluorescein-modified FN was mixed into the hydrogel precursor solution. In 
C), FN modified with both fluorescein and acryloyl moieties (4:1 ratio of 
reactants) was incorporated into the hydrogels. Scale bars = 2 mm.   
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Figure 2.5 Enzymatic Degradation of GMHA Hydrogels. Enzymatic degradation of 
GMHA hydrogels with or without FNAc. Data shown here represent a 
single experiment (n = 5 for each group), which was repeated to confirm 
results. Error bars represent standard deviation.  

 

 

 

 

 

 

 

 

 

 



 63 

 

Figure 2.6 Methacrylic Anhydride Modification of HA. A) Schematic of methacrylic 
anhydride modification of HA to yield a transesterification product, MAHA. 
1H-NMR spectra of MAHA after purification by precipitation in ethanol 
only (B), precipitation in ethanol in addition to 36 h. of dialysis against 
water (C), and precipitation in ethanol in addition to 72 h. of dialysis against 
water (D). Note the presence of impurities in the spectra shown in B and C 
around the expected methacrylate peaks at 5.6, 6.1 and 1.85 ppm. 
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Figure 2.7 Crosslinking Density of MAHA Hydrogels. A) Weight (5x MAHA, n = 16,    
3 experiments; 10x MAHA, n = 15, 3 experiments; 20x MAHA, n = 16,      
3 experiments) and volumetric (5x MAHA, n = 45, 3 experiments;           
10x MAHA, n = 43, 3 experiments; 20x MAHA, n = 27, 3 experiments) 
swelling ratios of MAHA hydrogels. No significant differences were 
observed. Error bars represent standard error of the mean. B) Quantification 
of DAPI dye diffusion into MAHA hydrogels. Error bars represent standard 
deviation. After 15 min. of diffusion (before equilibrium), significant 
differences were observed between all three hydrogel types (5x, 10x and 
20x MAHA), indicating that they exhibit differential crosslinking densities. 
C) Fluorescence image of DAPI dye diffusion in MAHA hydrogels 
quantified in B. Scale bar = 2 mm. D) Enzymatic degradation of hydrogels 
photocrosslinked from MAHA with varying degrees of modification. Data 
shown here represent a single experiment (n = 5 for each group), which was 
repeated two additional times to confirm results. Error bars represent 
standard deviation.  
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Figure 2.8 Bulk Mechanical Characterization of MAHA Hydrogels. Bulk compressive 
moduli of MAHA hydrogels (A,B) and CNS tissues (C) measured using an 
Instron apparatus. In A, sample numbers were n = 38 (three experiments),   
n = 25 (two experiments) and n = 30 (two experiments) for 5x, 10x, and 20x 
MAHA hydrogels, respectively. All differences were significant (p < 0.05). 
In B, sample size: 5x MAHA (120 s), n = 40, 3 experiments; 10x MAHA 
(120 s), n = 27, 2 experiments; 20x MAHA (105 s), n = 14, 2 experiments; 
5x MAHA (240 s), n = 28, 2 experiments; 10x MAHA (240 s), n = 39, 3 
experiments; 20x MAHA (240 s), n = 33, 3 experiments. C) Bulk 
compressive moduli of rat tissues: neonatal brain (P4, n = 10 slices, 6 rats), 
adolescent brain (P11, n = 11 slices, 3 rats), adult brain (eight-weeks-old,    
n = 12, 3 rats), and adult spinal cord (eight-weeks-old, n = 4, 2 rats). All 
differences were significant (p < 0.05), except no significant differences 
were observed between the P11 and adult brain. Error bars in all plots 
represent standard error of the mean.  
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Figure 2.9 Microscale Compressive Moduli of MAHA Hydrogels. A) Moduli reported 
were calculated using an AFM in conjunction with the Hertz model [52]. 
Data was averaged from 64 separate point measurements made within a 
0.005 mm2 area on the surface of each hydrogel. All differences were 
significant (p < 0.05). Error bars represent standard error of the mean. B) 
Measurements of microscale compressive moduli for individual MAHA 
hydrogels as determined in A. Plots demonstrate spatial variations in 
compressive moduli over 70 µm x 70 µm areas on the surface of each 
hydrogel type.  

 

 

 

 



 67 

REFERENCES 

[1] Griffith L, Swartz M. Capturing complex 3D tissue physiology in vitro. Nature 
Reviews Molecular Cell Biology. 2006;7:211-24. 

[2] Tibbitt M, Anseth K. Hydrogels as extracellular matrix mimics for 3 D cell culture. 
Biotechnology and Bioengineering. 2009;103:655-63. 

[3] Leach J, Bivens K, Patrick C, Schmidt C. Photocrosslinked hyaluronic acid 
hydrogels: natural, biodegradable tissue engineering scaffolds. Biotechnology and 
bioengineering. 2003;82:578-89. 

[4] Chung C, Beecham M, Mauck R, Burdick J. The influence of degradation 
characteristics of hyaluronic acid hydrogels on in vitro neocartilage formation by 
mesenchymal stem cells. Biomaterials. 2009;30:4287-96. 

[5] Seidlits S, Khaing Z, Petersen R, Nickels J, Vanscoy J, Shear J, et al. The effects of 
hyaluronic acid hydrogels with tunable mechanical properties on neural 
progenitor cell differentiation. Biomaterials. 2010;31:3930-40. 

[6] Chen WYJ, Abatangelo, G. Functions of hyaluronan in wound repair. Wound Repair 
and Regeneration. 1999;7:79-89. 

[7] Nettles D, Vail T, Morgan M, Grinstaff M, Setton L. Photocrosslinkable hyaluronan 
as a scaffold for articular cartilage repair. Annals of Biomedical Engineering. 
2004;32:391-7. 

[8] Burdick J, Chung C, Jia X, Randolph M, Langer R. Controlled degradation and 
mechanical behavior of photopolymerized hyaluronic acid networks. 
Biomacromolecules. 2005;6:386-91. 

[9] Chung C, Mesa J, Randolph M, Yaremchuk M, Burdick J. Influence of gel properties 
on neocartilage formation by auricular chondrocytes photoencapsulated in 
hyaluronic acid networks. Journal of Biomedical Materials Research Part A. 
2006;77:518-25. 

[10] Chung C, Mesa J, Miller G, Randolph M, Gill T, Burdick J. Effects of auricular 
chondrocyte expansion on neocartilage formation in photocrosslinked hyaluronic 
acid networks. Tissue Engineering. 2006;12:2665-73. 

[11] Chung C, Burdick J. Influence of three-dimensional hyaluronic acid 
microenvironments on mesenchymal stem cell chondrogenesis. Tissue 
Engineering Part A. 2008;15:243-54. 



 68 

[12] Chung C, Erickson I, Mauck R, Burdick J. Differential behavior of auricular and 
articular chondrocytes in hyaluronic acid hydrogels. Tissue Engineering Part A. 
2008;14:1121-32. 

[13] Jin R, Moreira Teixeira L, Krouwels A, Dijkstra P, van Blitterswijk C, Karperien M, 
et al. Synthesis and characterization of hyaluronic acid-poly (ethylene glycol) 
hydrogels via Michael addition: An injectable biomaterial for cartilage repair. 
Acta Biomaterialia. 2010;in press. 

[14] Chirila TV, Hong, Y., Dalton, P.D., Constable, I.J., Refojo, M.F. The use of 
hydrophilic polymers as artificial vitreous. Progress in Polymer Science. 
1998;23:475-508. 

[15] Jansen K, Van der Werff J, Van Wachem P, Nicolai J, De Leij L, Van Luyn M. A 
hyaluronan-based nerve guide: In vitro cytotoxicity, subcutaneous tissue 
reactions, and degradation in the rat. Biomaterials. 2004;25:483-9. 

[16] Hou S, Xu Q, Tian W, Cui F, Cai Q, Ma J, et al. The repair of brain lesion by 
implantation of hyaluronic acid hydrogels modified with laminin. Journal of 
Neuroscience Methods. 2005;148:60-70. 

[17] Tian W, Hou S, Ma J, Zhang C, Xu Q, Lee I, et al. Hyaluronic acid-poly-D-lysine-
based three-dimensional hydrogel for traumatic brain injury. Tissue Engineering. 
2005;11:513-25. 

[18] Gupta D, Tator, C.H., Shoichet, M.S. Fast-gelling injectable blend of hyaluronan and 
methylcellulose for intrathecal, localized delivery to the injured spinal cord. 
Biomaterials. 2006;27:2370-9. 

[19] Wei Y, Tian W, Yu X, Cui F, Hou S, Xu Q, et al. Hyaluronic acid hydrogels with 
IKVAV peptides for tissue repair and axonal regeneration. Biomedical Materials. 
2007;2:S142-S6. 

[20] Jia X, Burdick J, Kobler J, Clifton R, Rosowski J, Zeitels S, et al. Synthesis and 
characterization of in situ cross-linkable hyaluronic acid-based hydrogels with 
potential application for vocal fold regeneration. Macromolecules. 2004;37:3239-
48. 

[21] Jia X, Yeo Y, Clifton R, Jiao T, Kohane D, Kobler J, et al. Hyaluronic acid-based 
microgels and microgel networks for vocal fold regeneration. 
Biomacromolecules. 2006;7:3336-44. 

[22] Sahiner N, Jha A, Nguyen D, Jia X. Fabrication and characterization of cross-
linkable hydrogel particles based on hyaluronic acid: potential application in 



 69 

vocal fold regeneration. Journal of Biomaterials Science, Polymer Edition. 
2008;19:223-43. 

[23] Farran A, Teller S, Jha A, Jiao T, Hule R, Clifton R, et al. Effects of matrix 
composition, microstructure, and viscoelasticity on the behaviors of vocal fold 
fibroblasts cultured in three-dimensional hydrogel networks. Tissue Engineering 
Part A. 2010;in press. 

[24] Yeo Y, Highley C, Bellas E, Ito T, Marini R, Langer R, et al. In situ cross-linkable 
hyaluronic acid hydrogels prevent post-operative abdominal adhesions in a rabbit 
model. Biomaterials. 2006;27:4698-705. 

[25] Yeh J, Ling Y, Karp J, Gantz J, Chandawarkar A, Eng G, et al. Micromolding of 
shape-controlled, harvestable cell-laden hydrogels. Biomaterials. 2006;27:5391-8. 

[26] Gerecht S, Burdick J, Ferreira L, Townsend S, Langer R, Vunjak-Novakovic G. 
Hyaluronic acid hydrogel for controlled self-renewal and differentiation of human 
embryonic stem cells. Proceedings of the National Academy of Sciences USA. 
2007;104:11298-303. 

[27] Brannvall K, Bergman, K., Wallenquist, U., Svahn, S., Bowden, T., Hilborn, J., 
Forsberg-Nilsson, K. Enhance neuronal differentiation in a three-dimensional 
collagen-hyaluronan matrix. Journal of Neuroscience Research. 2007;85:2138-46. 

[28] Pan L, Ren, Y., Cui, F., Xu, Q. Viability and differentiation of neural precursors on 
hyaluronic acid hydrogel scaffold. Journal of Neuroscience Research. 
2009;87:3207-20. 

[29] Seidlits S, Schmidt C, Shear J. High-resolution patterning of hydrogels in three 
dimensions using direct-write photofabrication for cell guidance. Advanced 
Functional Materials. 2009;19:3543-51. 

[30] David L, Dulong V, Le Cerf D, Cazin L, Lamacz M, Vannier J. Hyaluronan 
hydrogel: An appropriate three-dimensional model for evaluation of anticancer 
drug sensitivity. Acta Biomaterialia. 2008;4:256-63. 

[31] Gurski L, Jha A, Zhang C, Jia X, Farach-Carson M. Hyaluronic acid-based 
hydrogels as 3D matrices for in vitro evaluation of chemotherapeutic drugs using 
poorly adherent prostate cancer cells. Biomaterials. 2009;30:6076-85. 

[32] Pavesio A, Renier D, Cassinelli C, Morra M. Anti-adhesive surfaces through 
hyaluronan coatings. Medical Device Technology. 1997;8:20. 



 70 

[33] Leach J, Bivens K, Collins C, Schmidt C. Development of photocrosslinkable 
hyaluronic acid-polyethylene glycol-peptide composite hydrogels for soft tissue 
engineering. Journal of Biomedical Materials Research. 2004;70:74-82. 

[34] Khademhosseini A, Suh K, Yang J, Eng G, Yeh J, Levenberg S, et al. Layer-by-
layer deposition of hyaluronic acid and poly-L-lysine for patterned cell co-
cultures. Biomaterials. 2004;25:3583-92. 

[35] Zawko S, Schmidt C. Simple benchtop patterning of hydrogel grids for living cell 
microarrays. Lab on a Chip. 2010;10:379-83. 

[36] Glass J, Dickerson K, Stecker K, Polarek J. Characterization of a hyaluronic acid-
Arg-Gly-Asp peptide cell attachment matrix. Biomaterials. 1996;17:1101-8. 

[37] Cui F, Tian W, Hou S, Xu Q, Lee I. Hyaluronic acid hydrogel immobilized with 
RGD peptides for brain tissue engineering. Journal of Materials Science: 
Materials in Medicine. 2006;17:1393-401. 

[38] Yamada KM, Olden K. Fibronectins-adhesive glycoproteins of cell surface and 
blood. Nature. 1978;275:179-84. 

[39] Garcia A, Schwarzbauer J, Boettiger D. Distinct activation states of alpha5beta1 
integrin show differential binding to RGD and synergy domains of fibronectin. 
Biochemistry. 2002;41:9063-9. 

[40] Feng Y, Mrksich, M. The synergy peptide PHSRN and the adhesion peptide RGD 
mediate cell adhesion through a common mechanism. Biochemistry. 
2004;43:15811-21. 

[41] Petrie TA, Capadona, J.R., Reyes, C.D., Garcia, A.J. Integrin specificity and 
enhanced cellular activities associated with surfaces presenting a recombinant 
fibronectin fragment compared to RGD supports. Biomaterials. 2006;27:5459-70. 

[42] Ochsenhirt S, Kokkoli E, McCarthy J, Tirrell M. Effect of RGD secondary structure 
and the synergy site PHSRN on cell adhesion, spreading and specific integrin 
engagement. Biomaterials. 2006;27:3863-74. 

[43] Engler AJ, Sen, S., Sweeney, H.L, Discher, D.E. Matrix elasticity directs stem cell 
lineage specification. Cell. 2006;126:677-89. 

[44] Georges PC, Miller, W.J., Meaney, D.F., Sawyer, E.S., Janmey, P.A. Matrices with 
compliance comparable to that of brain tissue select neuronal over glial growth in 
mixed cortical cultures. Biophysical Journal. 2006;90:3012-8. 



 71 

[45] Lu Y, Franze K, Seifert G, Steinh‰user C, Kirchhoff F, Wolburg H, et al. 
Viscoelastic properties of individual glial cells and neurons in the CNS. 
Proceedings of the National Academy of Sciences USA. 2006;103:17759-64. 

[46] Banerjee A, Arha, M., Choudhary, S., Ashton, R.S., Bhatia, S.R., Schaffer, R. Kane. 
The influence of hydrogel modulus on the proliferation and differentiation of 
encapsulated neural stem cells. Biomaterials. 2009;30:4695-9. 

[47] Teixeira AI, Ilkhanizadeh, S., Wigenius, J.A., Duckworth, J.K., Inganas, O., 
Hermanson, O. The promotion of neuronal maturation on soft substrates. 
Biomaterials. 2009;30:4567-72. 

[48] DeLong S, Moon J, West J. Covalently immobilized gradients of bFGF on hydrogel 
scaffolds for directed cell migration. Biomaterials. 2005;26:3227-34. 

[49] Gupta R, Chang A, Griffin P, Rivera R, Guo Y, Siber G. Determination of protein 
loading in biodegradable polymer microspheres containing tetanus toxoid. 
Vaccine. 1997;15:672-8. 

[50] Starcher B. A ninhydrin-based assay to quantitate the total protein content of tissue 
samples. Analytical Biochemistry. 2001;292:125-9. 

[51] Smeds K, Pfister-Serres A, Hatchell D, Grinstaff M. Synthesis of a novel 
polysaccharide hydrogel. Journal of Macromolecular Science, Part A. 
1999;36:981-9. 

[52] Domke J, Radmacher M. Measuring the elastic properties of thin polymer films with 
the atomic force microscope. Langmuir. 1998;14:3320-5. 

[53] Skorstengaard K, Jensen, M.S., Sahl, P. Petersen, T.E., Magnusson, S. Complete 
primary structure of bovine plasma fibronectin. European Journal of 
Biochemistry. 1986;161:441-53. 

[54] Masters K, Shah D, Leinwand L, Anseth K. Crosslinked hyaluronan scaffolds as a 
biologically active carrier for valvular interstitial cells. Biomaterials. 
2005;26:2517-25. 

[55] Yamada K, Kennedy D, Kimata K, Pratt R. Characterization of fibronectin 
interactions with glycosaminoglycans and identification of active proteolytic 
fragments. Journal of Biological Chemistry. 1980;255:6055-63. 

[56] Oudshoorn M, Rissmann R, Bouwstra J, Hennink W. Synthesis of methacrylated 
hyaluronic acid with tailored degree of substitution. Polymer. 2007;48:1915-20. 



 72 

[57] van Dijk-Wolthuis W, Kettenes-Van Den Bosch J, Van Der Kerk-Van Hoof A, 
Hennink W. Reaction of dextran with glycidyl methacrylate: an unexpected 
transesterification. Macromolecules. 1997;30:3411-3. 

[58] Derouet D, Nguyen G, Brosse J. 1, 4-Butanediyl dimethacrylate, a photoreactive 
diluent, synthesized via an unusual transesterification involving glycidyl 
methacrylate. European Polymer Journal. 2002;38:2017-21. 

[59] West DC, Hampton, I.N., Arnold, F., Kumar, S. Angiogenesis induced by 
degradation products of hyaluronic acid Science. 1985;228:1324-6. 

[60] Ibrahim S, Joddar, B., Craps, M., Ramamurthi, A. A surface-tethered model to 
assess size-specific effects of hyaluronan (HA) on endothelial cells. Biomaterials. 
2007;28:825-35. 

[61] Sahoo S, Chung C, Khetan S, Burdick J. Hydrolytically degradable hyaluronic acid 
hydrogels with controlled temporal structures. Biomacromolecules. 2008;9:1088-
92. 

[62] Gefen A, Margulies S. Are in vivo and in situ brain tissues mechanically similar? 
Journal of Biomechanics. 2004;37:1339-52. 

[63] Bakshi A, Fisher O, Dagci T, Himes B, Fischer I, Lowman A. Mechanically 
engineered hydrogel scaffolds for axonal growth and angiogenesis after 
transplantation in spinal cord injury. Journal of Neurosurgery: Pediatrics. 2004;1. 

 

 

 

 

 

 

 

 

 



 73 

Chapter 3: Hyaluronic Acid Hydrogels for Three-Dimensional Cell 
Culture 

3.1 INTRODUCTION 

There are distinct differences in phenotype between cells in 2D and 3D settings  

[1-5]. Generally, cells display phenotypes closer to their appearance in vivo when 

cultured in three dimensions [2, 3, 5]. For example, focal adhesions formed in 3D culture 

are more similar to those seen in vivo, in terms of protein content and size, than those on 

2D substrates [2]. Because cells in 3D culture are exposed to adhesive cues on all sides, 

they express surface receptors for ECM-cell and cell-cell contacts in different physical 

locations and in greater numbers than those cultured on flat surfaces [2]. The spatial 

organization of these receptors likely affects cytoskeletal conformation, which affects 

many cell processes, such as gene transcription [6-10]. One important ECM component, 

HA, has a significant effect on the migration of neurons [11], astrocytes [12], developing 

neural progenitor cells (NPCs) [13], and endothelial cells [14, 15].  

Undifferentiated NPCs are known to upregulate expression of the HA-binding 

receptor CD44, suggesting the importance of HA during NPC development [16, 17]. It 

has been reported previously that mechanical signals can be relayed directly via CD44-

HA binding in chondrocytes [18]. High molecular weight HA mechanotransduction 

through CD44 is most likely conveyed by activation of the Rho and Rac small GTPase 

pathways [11, 12, 19]. Intracellular signaling via the Rho and Rac pathways is known to 

influence multiple cellular processes relevant to NPC differentiation such as cell 

migration and gene expression [20, 21]. HA-based hydrogels may serve as a good model 

in which to mechanistically investigate how HA signaling to cell surface receptors affects 

NPC differentiation. 
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Like NPCs and astrocytes, CD44 is the major receptor on endothelial cells for 

HA. However, RHAMM is an important mediator of migration in endothelial cells and 

mature neurons [22-24]. Through these interactions, HA is know to promote endothelial 

cell proliferation, motility, differentiation, and tubule formation [14, 15, 25-30] and HA 

biomaterials implanted in vivo have been shown to promote angiogenesis [31, 32]. 

Notably, CD44-HA binding has been shown to be a requirement for angiogenesis [23, 

33], partly due to activation of the ERK-MAPK proliferative pathway [24, 28]. HA 

recruits highly migratory cell types, such as endothelial cells and cancer cells, as a 

chemoattractant [15, 34]. The mechanism of HA chemotaxis is thought to be CD44-

dependent [34].  

Cross-talk between neurons and endothelial cells are thought to be critical for 

both neurogenesis and vasculogenesis during development [35-39]. For example, 

vascular endothelial growth factor (VEGF), a potent mediator of angiogenesis, stimulates 

neurogenesis [38, 40], increases Schwann cell migration [41], encourages axonal 

outgrowth [42] and is neuroprotective [38, 42], while NGF promotes angiogenesis [43] 

and recruits endothelial progenitor cells [44] and NPCs in culture support endothelial cell 

tubulogenesis [39]. In addition, nerves and blood vessels sprout in tandem and travel 

concurrent paths in vivo [35, 37]. A better understanding of these interactions will aid in 

the design of biomaterial scaffolds to promote both angiogenesis and nerve regeneration. 

HA hydrogels are a reasonable choice for cultures of both NPCs and endothelial cells, as 

HA signaling to endothelial cells promotes angiogenesis and is required for NPC 

migration along endothelial tracts in the brain [45]. In this chapter, the 3D culture of 

endothelial cells, NPCs and support glia (spinal astrocytes) within HA-based hydrogels is 
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investigated. In addition, the effects of hydrogel mechanics on NPC and astrocyte 

morphology in 3D culture are reported. 

 

3.2 METHODS 

3.2.1 Cell Isolation and Culture 

Human umbilical vein endothelial cells (HUVECs, Lonza, Switzerland) were 

purchased, cultured according to standard protocol in fully supplemented endothelial 

growth medium-2 (Lonza), and used between passages 4 and 7 for experiments.  

Ventral midbrains of E13.5 mice (C57BL6, Charles Rivers, Wilmington, DE) 

were isolated into HBSS without Ca2+ and Mg2+ (Sigma-Aldrich) and dissociated through 

a series of flame-polished Pasteur pipettes. Dissociated cells were cultured at a density of 

1 million cells per 100 mm tissue culture dish in DMEM/F12 medium (Sigma-Aldrich), 

N2 supplement (Invitrogen, Carlsbad, CA) and a mixture of penicillin, streptomycin and 

amphotericin B (Sigma-Aldrich) at 1%, similar to previously described [46]. Mitogenic 

growth factors were added to the medium (20 ng mL-1 basic fibroblast growth factor 

(bFGF, Invitrogen) and 20 ng mL-1 epidermal growth factor (EGF, Millipore)) and 

replenished every other day. Cells were allowed to proliferate as freely floating 

neurospheres in culture and dissociated approximately every fifth day. For 

photoencapsulation experiments, NPCs were used from passages 2 to 5, medium was 

supplemented with 1% fetal bovine serum (FBS, Invitrogen), and mitogens were 

withdrawn to induce differentiation. Half the medium was replaced every other day in 

culture. These conditions were selected in order to promote NPC differentiation into a 

mixed population of neurons and astrocytes [46, 47]. 
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To obtain purified neonatal astrocytes, P0 rats (Sprague-Dawley, Charles Rivers) 

were decapitated, and spinal cords were dissected as previously described [48]. 

Astrocytes were cultured in DMEM (Sigma-Aldrich) with 10% FBS and 1% penicillin/ 

streptomycin/amphotericin B. Astrocyte cultures were immunostained against glial 

fibrillary acidic protein (GFAP, Abcam, Cambridge, MA) using standard procedures to 

confirm phenotype and used in experiments from passages 2–5.  

 

3.2.2 Cell Photoencapsulation for 3D Culture 

For photoencapsulation of HUVECs, hydrogel precursor solutions (25 µL) of 

0.1%–0.5% I2959 (w/v), 0.1%–0.3% VP (v/v) and1.5% GMHA (sterilized by passage 

through a 0.2 µm syringe filter and made as described in Chapter 2) were transferred into 

silicone rubber molds (4.5 mm diameter, 2 mm deep, Grace Biolabs). Immediately prior 

to crosslinking, 5 µL of a HUVEC suspension (5 million cells mL-1) in medium was 

physically mixed with the hydrogel precusor solution in each mold, resulting in  

~150,000 cells per hydrogel. The cell/hydrogel mixture was then exposed to UV        

(~10 mW cm-2, BlakRay UVP) for 1.5–5 min. to photocrosslink hydrogels, entrapping 

cells. Typically, FN or acrylated FN (FNAc, see chapter 2 for details on FN modification) 

was added at 125–500 µg mL-1. After crosslinking, hydrogels with entrapped HUVECs 

were immediately transferred into culture medium. Medium was changed completely     

3–4 h. post-encapsulation to remove any remaining photoreaction reagents.  

For photoencapsulation of NPCs and astrocytes, hydrogel precursor solutions   

(25 µL) of 0.36% I2959 and1.8% MAHA (sterilized by passage through a 0.2 mm 

syringe filter, made as described in Chapter 2) were transferred into silicon rubber molds 

(4.5 mm diameter, 2 mm deep) and exposed to UV for 30 s (5x and 10x MAHA) or 15 s 
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(20x MAHA). Next, a solution of cells (5 µL containing 40,000 cells) was mixed into the 

partially crosslinked hydrogels to dilute the final concentration of I2959 to 0.30% and 

MAHA to 1.5%. Hydrogels were exposed to a final 90 s of UV to photoencapsulate cells. 

After crosslinking, hydrogels with entrapped cells were immediately transferred into 

culture medium. Medium was changed completely 3–4 h. post-encapsulation to remove 

any remaining photoreaction reagents. For most experiments, 50 µg mL-1 poly-L-lysine 

(PLL, Sigma-Aldrich) was added to the hydrogel precursor solution to enhance initial 

adhesion of the encapsulated cells. However, no PLL was included when evaluating total 

double-stranded DNA (dsDNA) content in the hydrogels, as this reagent interfered with 

the function of the PicoGreen assay. 

 

3.2.3 Assessments of Cell Viability 

Viability of photoencapsulated cells was determined 24 h. post-encapsulation 

using a CellTiter Blue assay (Promega, Madison, WI) in which rezazurin is reduced by 

the products of cellular respiration to the fluorescent molecule resorufin. For 

encapsulated NPCs and astrocytes, total dsDNA content was assessed within 1 h. of 

encapsulation. Cells were released from the hydrogels by degradation in 1000 U mL-1 

hyaluronidase (type I, bovine testes, Sigma-Aldrich) in PBS at 37ºC ≤ 3 h., until 

hydrogels had completely degraded. Next, DNA was isolated using DNeasy spin columns 

(Qiagen, Hilden, Germany) and dsDNA content was quantified using a PicoGreen assay 

(Invitrogen). For dsDNA quantification, additional triplicate samples of 40,000 cells each 

were pipetted directly into PBS with hyaluronidase and treated exactly as the hydrogel 

samples. The amount of dsDNA for each experiment was normalized to dsDNA amount 

in 40,000 cells to obtain the percentage of cells encapsulated. ATP production was 

assessed 5–6 h. post-encapsulation using a CellTiterGlo luminescence assay (Promega). 
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All assays were performed according to the manufacturer’s instructions. For all viability 

experiments, two-tailed student’s t-tests were used to evaluate statistical significance, 

which was noted when p < 0.05. 

 

3.2.4 Immunocytochemistry and Imaging 

Photoencapsulated cells were fixed in 2% paraformaldehyde (Sigma-Aldrich) for 

30 min. and prepared for immunostaining by blocking and permeabilizing in 5% goat 

serum (Sigma-Aldrich) and 0.5% Triton-X100 (Sigma-Aldrich) in PBS for 1 h. at room 

temperature. Hydrogels containing fixed HUVECs were incubated with tetramethyl 

rhodamine isocyothianate (TRITC)-conjugated phailloidin (5 µg mL-1, Invitrogen). For 

immunostaining cells within hydrogels, samples were incubated with primary antibody 

for approximately 48 h. at 4ºC. After thoroughly washing in PBS, samples were 

incubated in secondary antibody overnight at 4ºC. All buffers used during 

immunostaining procedures included 0.05% Tween-20 (Sigma-Aldrich). In some cases, 

nuclei were counterstained by incubating with 1 µg mL-1 Sytox green or DAPI 

(Invitrogen) for 20 min. at room temperature. Primary antibodies against ß-III tubulin (to 

detect neurons, 1:2000, mouse monoclonal, Abcam) and glial fibrillary acidic protein 

(GFAP, to detect astrocytes, 1:1000, rabbit polyclonal, Abcam) were used. 

Immunostaining for markers that detect oligodendrocytes was not performed because it 

has been previously reported that culture of NPCs in the presence of 1% FBS inhibits 

differentiation towards oligodendroglial phenotypes [46]. AlexaFluor568-conjugated, 

goat-anti rabbit IgG (Invitrogen) and AlexaFluor488-conjugated goat-anti-mouse IgG 

(Invitrogen) were used as secondary antibodies. 

Fluorescence images were acquired at the Institute for Cellular and Molecular 

Biology Core Facility at the University of Texas at Austin using an AOBS SP2 confocal 
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microscope (Leica, Wetzlar, Germany) using either a 10x, 0.4 NA or a 20x, 0.7 NA 

objective (HC APO PLO CS, Leica). Image stacks were reconstructed using Imaris 

software (Bitplane, Zurich, Switzerland) as described in figure captions. 

 

3.3 RESULTS AND DISCUSSION 

3.3.1 3D Culture of Endothelial Cells 

Because HA biomaterials are non-adhesive to postnatally derived cells [31, 49-

51], FN was covalently tethered to the GMHA hydrogel network to create 3D scaffolds 

that support integrin-mediated adhesion of HUVECs. Like HA, FN is an important player 

in angiogenesis, during which its adhesion to endothelial cells is thought to be critical 

[52]. The αvβ3 and α5β1 integrins, which bind FN, are upregulated during angiogenesis 

[53]; however, both must be blocked simultaneously to completely inhibit tubule 

formation [54]. Previously, RGD peptides were covalently tethered in HA-based 

hydrogels [55-57]. Like FN, RGD is known to promote cell adhesion αvβ3 and α5β1 

integrins [58, 59]. However, the hydrogels presented here incorporate whole FN, making 

available additional sequences that affect the strength, and possibly signal potency, of 

integrin binding (i.e., REDV and PHRSN) [60, 61]. Greater signaling potency of native 

FN over the RGD sequence is, at least in part, because of integrin interactions the 

synergy peptide, PHRSN [62-65].  

Optimal conditions for HUVEC photoencapsulation within GMHA-FNAc 

hydrogels were determined by varying several parameters: HUVEC concentration, 

photoinitiator concentration, UV exposure, and FNAc concentration. Cell viability was 

measured using a CellTiter Blue Assay, which uses the reduction of rezazurin to resorufin 

by metabolic products of the cells to yield a fluorescent signal. Differences in cell 
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viability 3 h. post-encapsulation in GMHA-FNAc were evaluated using a 1 h. incubation 

with rezazurin. To test for any possible effects of differences in diffusion of the rezazurin 

reagent and metabolic products through hydrogels and medium, standard curves from 

HUVECs on tissue culture plastic (2D) and in Matrigel (3D) were constructed. HUVECs 

are known to thrive in Matrigel and can be easily encapsulated in 3D with high efficiency 

after a short incubation at 37°C [66, 67]. HUVECs were also cultured within GMHA 

hydrogels with non-covalently bound FN, which has been proposed to be physically 

retained in photocrossliked HA hydrogels [68] and bind to unmodified HA (Kd~107 M) 

[69].  

Results are summarized in Figure 3.1. Higher cell viability was observed when 

HUVECs were encapsulated in GMHA-FNAc with 0.3% or 0.5% I2959. Cells in these 

two groups were approximately 50% and 100% more viable, respectively, than the cells 

in Matrigel. All other groups were measured to be around 10–20% less viable than 

Matrigel. However, HUVECs were only 10% more viable in GMHA-FNAc hydrogels 

made with 0.5% I2959 than on polystyrene. Furthermore, they were 20% less viable in 

GMHA-FN hydrogels made with 0.3% I2959 than on polystyrene. All other groups were 

around 50–60% less viable than controls on polystyrene. These results suggest that either 

more cells were initially retained during HUVEC photoencapsulation in GMHA-FNAc 

hydrogels, cells were more viable in GMHA-FNAc hydrogels than in Matrigel, or most 

likely some combination of the two. HUVEC viability in the GMHA-FNAc was verified 

using a standard live/dead stain (Figure 3.2). In particular, there was a tendency for live 

cells to be in areas of high cell density, probably because of some paracrine signaling 

necessary for survival. In addition, over the course of a week in culture, these cells were 

highly proliferative until they were observed throughout the entire hydrogel (Figure 3.3). 
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HUVEC phenotype over a 6-day culture period in the GMHA-FNAc, GMHA-FN 

and GMHA-only hydrogels was also evaluated using phase, fluorescence, and confocal 

microscopy (Figure 3.3). The effects of FN concentration were also investigated. 

Hydrogels with no FN (i.e., GMHA alone) did not support HUVEC viability. In 

hydrogels with the lowest FN concentration (125 µg mL-1), HUVECs did not spread, but 

did appear to proliferate during the culture period. Additionally, more proliferation was 

apparent in hydrogels with FNAc covalently bound. When the FN concentration was 

doubled to 250 µg mL-1, less cell proliferation and more spreading was observed. In 

hydrogels with unmodified FN, HUVECs appeared to form primitive tubules, but only 

near the edges of the hydrogels near the tissue culture plastic. Conversely, in hydrogels 

with 250 µg mL-1 FNAc, spread cells and some tubule formation were observed 

throughout the ~2 mm thickness of the hydrogels. At 500 µg mL-1 FN, extensive tubule 

formation was apparent in GMHA hydrogels with either unmodified or modified FN. In 

hydrogels with unmodified FN, cells were again restricted to the edges of the hydrogels 

adjacent to the plastic surface of the well plate. However, primitive tubules were apparent 

throughout the hydrogels with FNAc. Immunostaining against von Willebrand factor was 

performed to confirm endothelial phenotype (Figure 3.4). 

These studies demonstrate that the covalent incorporation of FNAc within GMHA 

hydrogels increases HUVEC viability and supports HUVEC bioactivity in 3D culture. 

Furthermore, results demonstrate the ability to influence HUVEC phenotype (i.e., to 

encourage proliferation versus differentiation) by varying the concentration of FN within 

3D GMHA hydrogels. 
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3.3.2 3D Culture of Neural Progenitor Cells 

This section discusses the 3D culture of NPCs derived from the ventral 

mesencephalon, which are multipotent progenitors that can differentiate into all three cell 

types present in the CNS: neurons, astrocytes, and oligodendrocytes. More specifically, 

ventral midbrain-derived NPCs can differentiate into dopaminergic neurons, which are of 

interest because of their significant role in the clinical manifestations of disorders such as 

Parkinson’s disease and schizophrenia. Because dopaminergic neurons are difficult to 

culture in vitro [70-73], the development of a more robust, in vivo-like culture system 

would be a valuable tool to study these neurons, including effects of certain drugs and 

toxins. In addition, dopaminergic cell therapies have shown considerable potential to treat 

neurodegenerative diseases such as Parkinson's and Huntington's diseases [74-79].  

Previous work shows that culture geometry has profound affects on the viability 

and differentiation of NPCs, where 3D culture environments support viability over longer 

culture periods [80-82] and differentiation into equal or greater numbers of neurons 

versus glia [3, 81-84] when compared to 2D culture substrates. Thus, it is imperative to 

investigate how specific variables, such as matrix mechanics, affect NPC differentiation 

in 3D culture. Substrate mechanics also have significant affects on NPC differentiation 

[85-87]. Previous studies of multipotent NPCs, derived from areas of the CNS besides the 

ventral midbrain, indicate that substrates with mechanical properties resembling those of 

native brain promote differentiation of NPCs in neurons [47, 85, 87, 88]. However, these 

previous studies were performed using 2D, synthetic-based substrates coated with various 

ECM proteins to encourage cell adhesion. Other studies have reported that 3D scaffolds 

derived from native ECM components promote NPC differentiation into neurons 

significantly more than 2D substrates [81, 84]. However, these studies did not examine 

the influence of substrate mechanics in 3D culture. One recent study attempted to 
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investigate mechanotransduction in 3D cultures of NPCs; however, these experiments 

were based on hydrogels made from non-mammalian polysaccharides [86]. This section 

describes the effects of mechanotranduction on the differentiation of ventral midbrain-

derived NPCs in a 3D milieu using native ECM hydrogels with tunable mechanical 

properties.  

MAHA hydrogels with compressive moduli of 3.0, 4.2, and 5.1 kPa, 

approximating the moduli of neonatal and adult brain tissue (see Chapter 2 for details on 

fabrication and characterization), were investigated for their ability to support the culture 

and direct the differentiation of ventral midbrain-derived NPCs in vitro. To this purpose, 

a two-step method of UV irradiation was chosen for photoencapsulation of primary NPCs 

derived from the ventral midbrain. For photocapsulation, MAHA hydrogels were 

photocrosslinked using an initial 30 s (5x and 10x–modified MAHA) or 15 s (20x–

modified MAHA) UV dose, followed by mixing in the cell solution and 

photocrosslinking for an additional 90 s for all three MAHA hydrogels to retain cells for 

culture. This procedure was chosen because photoencapsulated NPCs remained viable at 

UV irradiation times of < 90 s in the presence of 0.30% I2959 (Figure 3.5A). However, 

at I2959 concentrations less than 0.30%, a hydrogel network could not be reliably formed 

(data not shown), and UV irradiation times < 105 s resulted in no significant differences 

in mechanical properties between hydrogels photocrosslinked from different MAHA 

types (see Figure 2.8E).  

The dsDNA content in hydrogels was fit to a standard curve of dsDNA amount 

versus cell number so that we could directly estimate the number of cells incorporated per 

hydrogel. Hydrogel modulus had no significant effects on photoencapsulation efficiency 

(i.e., percentage of cells mixed into hydrogel precursor solution that remained 

encapsulated after gelation) (Figure 3.5B,C). Hydrogel mechanical strength had no 
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significant effects on the production of ATP by NPCs 5–6 h. after encapsulation    

(Figure 3.5D).  

Phenotypic differences were evaluated by inspection of cell morphology using 

phase contrast microscopy and immunocytochemical staining of photoencapsulated cells 

for up to three weeks in culture. Encapsulated NPCs formed spherical, multi-cellular 

aggregates by day 2 in culture that appeared to grow in size until days 5–7. Additionally, 

up to this point, all hydrogel types qualitatively appeared to contain a similar number of 

cells that were morphologically indistinct. At day 14, the majority of NPCs remained in 

multi-cellular aggregates that generally contained GFAP- or ß-III tubulin–positive cells 

within a single aggregate (Figure 3.6). In the two stiffest hydrogels (10x and 20x 

MAHA), GFAP expression was more pronounced than ß-III tubulin expression, while the 

opposite was true in the softest hydrogels (5x MAHA). Additionally, in the 20x MAHA 

hydrogels, cells in a single aggregate were positive for either GFAP or ß-III tubulin, 

while in the softer 5x MAHA hydrogels these markers often overlapped in a single 

aggregate, indicating they contained mixed populations of cells. The 10x MAHA 

hydrogels contained both types of aggregates. In the softer, 5x and 10x MAHA 

hydrogels, a few short processes positive for ß-III tubulin had sprouted from NPC 

aggregates between days 7 and 14. Furthermore, the stiffest hydrogels (20x MAHA) 

contained distinctly fewer cells than the two softer groups (5x and 10x MAHA), 

indicating that substantial death of NPCs occurs over the second week in culture in the 

stiffest hydrogels.  

At 21 days in vitro, several NPC aggregates were still present in both the 5x and 

10x MAHA hydrogels, and these aggregates contained both GFAP- and ß-III tubulin–

positive cells (Figure 3.7). In 5x MAHA and to some extent in 10x MAHA hydrogels, 

NPCs had begun to spread and migrate out from the aggregates. Notably, several very 



 85 

long ß-III tubulin–positive processes (ranging up to 600 µm) were observed extending 

through the softest hydrogels (5x MAHA) (Figure 3.7A). Furthermore, many of these 

processes had branching neurites. In 10x MAHA gels, shorter ß-III tubulin–positive 

processes (ranging up to 200 µm) were seen extending from the aggregates into the 

surrounding hydrogel (Figure 3.7B). No branching was observed in the 10x MAHA 

hydrogels. Very few NPCs could be found in the stiffest hydrogels (20x MAHA) by 21 

days in culture (data not shown). 

Overall, these results demonstrate that the mechanical properties of 3D, HA-based 

hydrogels had distinct effects on NPC phenotype. Notably, the softest hydrogels (5x 

MAHA), whose mechanical properties matched those of the neonatal brain, encouraged 

differentiation of NPCs in a more neuronal phenotype over a period of three weeks in 

culture. In particular, long, branched processes positive for the mature neuronal marker ß-

III tubulin were found to extend throughout 3D cultures. Hydrogels that exhibited moduli 

between neonatal and adult brain (10x MAHA) also promoted NPC differentiation into 

neurons, although to a lesser extent. In contrast, hydrogels with the highest moduli (20x 

MAHA) were unable to support NPC cultures for the entire three weeks. No soluble 

factors were provided to promote differentiation down any specific neuronal or astrocytic 

lineage. Therefore, the differential effects seen are likely due to the different mechanical 

properties of the HA hydrogel surrounding the cells.  

In these studies, the observed neurites were longer than previously reported for 

cultures in 3D hydrogels with similar mechanical properties, but composed of different 

polymers [83, 86]. HA-based culture systems are advantageous because they can be 

dynamically remodeled and degraded by cellular hyaluronidase in direct response to 

cellular cues in a spatially controlled manner, properties that may play a role in this 

effect. MAHA hydrogels with encapsulated NPCs began to degrade during the three-
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week culture period and the majority of hydrogels completely degraded by the fourth 

week. Furthermore, the onset of degradation appeared to correlate with increased cell 

migration and outgrowth of processes, typically around days 12–14 in culture. I 

hypothesize that ventral mesencephalic NPCs differentiate to extend processes and 

migrate through MAHA hydrogels via cellular remodeling of the surrounding HA-based 

scaffold, thus allowing them to extend longer processes and acquire a more neuron-like 

morphology than is possible in hydrogels not composed on native mammalian ECM.  

It is important to note that cellular remodeling and degradation of hydrogels likely 

results in changes in compressive moduli during culture. In addition, crosslinking density 

may also affect migration, as it may be more difficult for cells to travel through the more 

densely crosslinked networks encountered in stiffer hydrogels. Conversely, stiffer 

substrates have been shown to provide greater traction forces than softer substrates, 

increasing cell migration [8, 89, 90]. For very stiff substrates, this effect is reversed and 

cell migration is slowed; however, based on previous reports, it is reasonable to expect 

that the studies described here dwell within the regime of this phenomenon ruled by 

softer substrates [8, 89, 90].  

 

3.3.3 3D Culture of Spinal Astrocytes 

After injury in the spinal cord, astrocytes adopt a reactive phenotype that creates 

an inflammatory environment and a glial scar, which is inhibitory to regeneration [91-

93]. HA implants placed in the spinal cord after injury have been reported to reduce this 

inflammation and scar formation [94, 95]. After injury, high molecular weight HA in the 

ECM surrounding the spinal cord is degraded into small fragments [48]. It has been 

suggested that this degeneration of the cell-ECM contacts between astrocytes and HA 

causes astrocyte proliferation and activation [48]. Astrocytes express both CD44 and 
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RHAMM [12, 22]. In traditional 2D culture on PLL-coated glass or plastic, spinal 

astrocytes adopt a reactive phenotype typically only seen after injury in vivo. HA 

hydrogels may provide a means by which to maintain astrocytes in a non-reactive, 

quiescent state in vitro or in vivo. Cell viability astrocytic phenotype was evaluated when 

cultured in MAHA hydrogels with compressive moduli approximating those of brain and 

spinal cord tissues (see Chapter 2). 

Photoencapsulation efficiency and ATP production were equivalent in all 

hydrogel types (5x, 10x and 20x MAHA) (Figure 3.5B,C). After 24 h. in culture, all 

three hydrogel types contained relatively large, multi-cellular aggregates of spinal 

astrocytes. At day 14 in vitro, aggregates appeared stable in all hydrogel types, even the 

20x MAHA hydrogels (Figure 3.8). In the two stiffest hydrogel types (10x and 20x 

MAHA), some spread, elongated cells were observed, similar to the typical astrocyte 

morphology when cultured on a glass substrate. This morphology was particularly 

obvious in the 20x hydrogels (Figure 3.8C). Astrocytes were immunostained for GFAP, 

which is typically expressed at high levels by primary astrocytes cultured in vitro and 

reactive astrocytes after injury, but not quiescent astrocytes, in vivo (Figure 3.8). 

Interestingly, astrocytes cultured in all three hydrogel types appeared to express little 

GFAP compared to astrocytes cultured on glass coverslips or polystyrene, particularly in 

the two stiffer hydrogel types. Thus, MAHA hydrogels with moduli approximating those 

of native spinal cord were able to maintain an astrocytic phenotype similar to that seen in 

a non-injured, homeostatic tissue.   

Although the majority of ventral mesencephalic NPCs died in the 20x MAHA 

hydrogels, astrocytes thrived (Figure 3.5B,C). This may be because the moduli of the 

20x MAHA hydrogels most closely resembled that of native spinal cord, the tissue of 

origin for the astrocytes. In addition, mechanical properties of MAHA hydrogels had a 
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less pronounced morphological effect on astrocytes than ventral mesencephalic NPCs. 

The main morphological observations were the presence of several spread astroglial cells 

and evidence of cell migration only in the stiffest hydrogels (20x MAHA). This result 

likely stems from a combination of more appropriate mechanical signaling and the 

availability of greater traction forces in the 20x MAHA hydrogels compared to the 5x and 

10x MAHA hydrogels. These results demonstrate the utility of the HA-based hydrogel 

system described for the 3D culture of cell types that prefer substrates with mechanical 

properties at opposite ends of the soft-tissue spectrum.  

 

3.4 CONCLUSIONS AND FUTURE DIRECTIONS 

HA hydrogels provide an improved 3D culture environment for multiple cell 

types, including endothelial cells, NPCs, and astrocytes. Furthermore, mechanical 

properties and chemical cues can be tuned to promote specific phenotypes. In the future, 

these hydrogels could be used for co-cultures of neurons and astrocytes, as a model of the 

blood-brain barrier or glial scar formation, or NPCs and endothelial cells, as a system to 

study cross-talk between neurogenesis and angiogenesis [35-39].  

The hydrogels described in this chapter may also be of use clinically as nerve 

regeneration scaffolds. Lack of vascularization has been correlated with poor nerve 

regeneration, and is hypothesized to be the rate-limiting step in nerve repair [96-98]. 

Furthermore, in models of PNS [99, 100] and CNS [35] regeneration, angiogenesis has 

been found to precede axon growth. These studies and others have demonstrated the 

importance of the interplay between developing nerves and blood vessels, emphasizing 

the value of using angiogenic scaffolds for nerve repair. 
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Figure 3.1 Viability of HUVECs in Hydrogels. Viability of HUVECs photoencapsulated 
(150,000 cells per hydrogel) in GMHA hydrogels alone, with non-
covalently bound fibronectin, and with covalently bound fibronectin. 
Hydrogels were all made with 1.5% GMHA. Data shown is from a single 
experiment, which was repeated to confirm results. Error bars represent 
standard deviation. 
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Figure 3.2 Live/Dead Stain of HUVECs in GMHA-FNAc Hydrogels. HUVECs              
(5 million cells mL-1) were stained with live/dead stain (calcein AM and 
ethidium bromide) and imaged 24 h. after encapsulation. Live cells appear 
green and dead cells appear red. Hydrogels were made with 1.5% GMHA, 
0.5% I2959, 0.1% VP, 250 µg mL-1 FNAc, and 3 min. UV exposure. Top 
panel pair and bottom panel pair each show a single hydrogel at two 
different focal plans. Scale bars = 100 µm. 
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Figure 3.3 Morphology of Photoencapsulated HUVECs after 6 Days. Hydrogels were 
made with 1.5% GMHA, 0.5% I2959, 0.1% VP and 3 min. UV exposure. 
Fluorescence images show actin filaments (labeled with phalloidin-TRITC) 
and match the adjacent phase contrast images (A-G). GMHA hydrogels 
were supplemented with 125 µg mL-1 non-covalently bound FN (A),        
125 µg mL-1 covalently bound FN (B), 250 µg mL-1 non-covalently bound 
FN (C), 250 µg mL-1 covalently bound FN (D), 500 µg mL-1 non-covalently 
bound FN (E), or 500 µg mL-1 non-covalently bound FN (F). Negative 
controls had no added FN (G). Confocal fluorescence images (H) were 
acquired of the samples shown in D (left) and E (right). 
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Figure 3.4 Immunostaining of Photoencapsulated Endothelial Cells. Cells were 
photoencapsulated in GMHA-FN hydrogels (1.5% GMHA, 0.5% I2959, 
0.1% VP and    3 min. UV exposure) and immunostained for the endothelial 
marker von Willebrand factor (red) after 24 h. Nuclei were co-stained with 
DAPI (blue). Scale bar = 500 µm. 
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Figure 3.5 Cell Viability in MAHA Hydrogels. A) Effects of UV irradiation during 
photoencapsulation in MAHA hydrogels on NPC viability 24 h. after 
encapsulation. Asterisks denote significant differences between groups       
(p < 0.05). B) Efficiency of NPC photoencapsulation in MAHA hydrogels 
(40,000 cells per hydrogel), as determined by dsDNA content with 
hydrogels within 1 h. of encapsulation (normalized to amount of dsDNA in 
40,000 cells. No significant differences between MAHA hydrogel types 
were observed. C) Efficiency of astrocyte photoencapsulation in MAHA 
hydrogels, determined as described in B. No significant differences between 
MAHA hydrogel types were observed. D) ATP production by cells cultured 
in MAHA hydrogels 5–6 h. after photoencapsulation. No significant 
differences between MAHA hydrogel types were observed. For A–D, error 
bars represent standard deviation. Data shown represent one experiment     
(n = 6); however, experiments were repeated at least once with different 
batches of cells and MAHA to insure that the results were consistent. 
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Figure 3.6 Effects of Hydrogel Modulus on NPC Differentiation at Day 14. 
Reconstructed fluorescence images acquired with confocal microscopy of 
immunostaining for the neuronal marker ß-III tubulin (green, middle 
column) and the astroglial marker GFAP (red, right column). Overlaid 
images of both markers are shown in the left column. NPC cultures in 
hydrogels of three different moduli are shown, with the softest in the top 
panel (A), the stiffest in the bottom panel (C), and the mid-range in the 
middle panel (B). Reconstructions are displayed as volumes from a top-
down view (top image in each pair) and a rotated side view at a 45° 
perspective (bottom image in each pair). Smoothing filters with a Gaussian-
based algorithm were run in IMARIS software on reconstructed volumes to 
reduce background noise in the images presented here. Scale bars = 200 µm. 
For side views, spacing between grid lines is 50 µm. 
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Figure 3.7 Effects of Hydrogel Modulus on NPC Differentiation at Day 21. 
Reconstructed fluorescence images acquired with confocal microscopy of 
immunostaining for the neuronal marker ß-III tubulin (green, middle 
column) and the astroglial marker GFAP (red, right column). Overlaid 
images of both markers are shown in the left column. NPC cultures in 
hydrogels of the two softest moduli are shown (softest in A and mid-range 
in B). Very few progenitors could be found in the stiffest hydrogels at 21 
days. Smoothing filters with a Gaussian-based algorithm were run in 
IMARIS software on reconstructed volumes to reduce background noise in 
the images presented here. Arrows indicate ß-III tubulin–positive processes. 
A) Two independent hydrogel cultures are shown (top set of three images 
and bottom set of three images). B) Reconstructions are displayed as 
volumes from a top-down view (top image in each pair) and a rotated side 
view at a 45° perspective (bottom image in each pair). Scale bars = 200 µm. 
For side views, spacing between grid lines is 50 µm. 
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Figure 3.8 Effects of Hydrogel Modulus on Astrocyte Phenotype Day 14. Reconstructed 
fluorescence images acquired with confocal microscopy of immunostaining 
for the marker GFAP (red, right column) and counterstained for nuclei with 
Sytox green (green, middle column). Overlaid images are shown in the left 
column. Astrocyte cultures in hydrogels of three different moduli are shown: 
5x MAHA (A), 10x MAHA (B), and 20x MAHA (C). Reconstructions are 
displayed as volumes from a top-down view (top image in each pair) and a 
rotated side view at a 45° perspective (bottom image in each pair). 
Smoothing filters with a Gaussian-based algorithm were run in IMARIS 
software on reconstructed volumes to reduce background noise in the 
images presented here. Arrows indicate cells with a more spread 
morphology observed in the stiffest hydrogels. Scale bars = 200 µm (A and 
B) and 80 µm (C). For side views, spacing between grid lines is 50 µm (A 
and B) or 20 µm (C). 
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Chapter 4: Three-Dimensional Patterning of Biomolecules within 
Hydrogels 

 

4.1 INTRODUCTION 

MPE is advantageous because photocrosslinking is confined to a 3D voxel with 

submicron spatial resolution and is appropriate for fabrication of biomolecule 

microstructures [1-18]. Protein photocrosslinking is achieved via MPE of a 

photosensitizer, which can promote bond formation between photoxidizable amino-acid 

side chains (i.e., His, Cys, Tyr, Trp, Lys) [19-23]. Photocrosslinked protein 

microstructures (e.g., bovine serum albumin (BSA) and avidin) exhibit hydrogel-like 

properties and altering fabrication conditions, such as laser intensity and reagent 

concentrations, can attenuate crosslinking density [5]. The feature size of microstructures 

can be controlled post-fabrication through pH, osmolarity, and temperature [7].  These 

properties can be exploited for use in many biomedical applications, including 

microfluidics [8] and drug delivery [16]. Additionally, photofabricated avidin 

microstructures can be used to immobilize a wide range of biotinylated factors, such as 

enzymes [2, 5], fluorescent dyes [1, 5], and small peptides [18]. 

Several researchers have reported the advantage of incorporating ECM 

components and their derivatives throughout hydrogel scaffolds [24-29], including HA-

based hydrogels [25-27, 29]. These modifications promoted cell attachment, but 

established no means for directional guidance of axons or other cell types. Others have 

addressed this issue by using MPE to covalently attach desired ligands (e.g., integrin-

binding RGD sequences) at specified 3D coordinates within bulk hydrogels [30-35]. 

However, these ligand photoattachment chemistries involve multi-step syntheses for each 
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new ligand and/or hydrogel of interest and cannot achieve feature sizes smaller than    

~20 µm [34], which is too large to direct pathfinding at the scale of individual neurites. In 

addition, these covalent modifications of hydrogels do not provide a topographical 

landscape, which can have profound influence over neurite guidance [1, 36-43]. By 

combining chemical and physical guidance cues within a single environment [37, 38, 41], 

it may be feasible to direct neuronal pathfinding over extended distances.  

MPE can be used to photofabricate protein matrices with complex, 3D patterns 

(e.g., overhanging features, interlocking chain links). Recently, a digital micromirror 

device (DMD), an array of 848 x 600, 16 µm2, individually addressable mirrors, has been 

used as a dynamic mask to rapidly prototype 3D protein microstructures [9]. In this 

approach, a mode-locked, titanium: sapphire (Ti:S) beam is scanned in a raster pattern 

across the DMD array, on which an image from a computer monitor is displayed. The 

DMD display is altered in coordination with axial movements of the sample controlled by 

a motorized stage, resulting in protein matrices with defined, 3D features [9].  

Previous work using MPE techniques to fabricate biomolecule structures has been 

limited to 2D surfaces, such as glass coverslips. However, the ability to create these 

microstructures in a 3D environment would be advantageous for biological and tissue 

engineering applications. This chapter describes the fabrication of 3D guidance paths for 

cells using MPE-based photofabrication to direct-write protein matrices within optically 

transparent hydrogels, in particular, those based on HA [18]. As the macroscopic 

hydrogel backbone does not need to be chemically modified, it is straightforward to 

employ this method in several optically transparent hydrogel materials, such as agarose 

and PEG [18]. Additionally, by scanning the laser focus relative to reagent solution, it is 

possible to create arbitrary, 3D architectures with low- to submicrometer features.  
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4.2 METHODS 

4.2.1 3D Photofabrication of Microstructures in HA Hydrogels 

High molecular weight GMHA (~1500 kDa, 2%, w/v) was photocrosslinked 

under UV (intensity centered at 365 nm, ~10 mW cm-2, 4 min., BlakRay UVP) from a 

solution of I2959 (1%, w/v, Ciba Specialty Chemicals) and VP (0.3%, v/v, Sigma-

Aldrich), as described in Chapter 2. Hydrogels were stored in PBS at 4°C for up to one 

week before use. For visualization, GMHA was modified at the carboxylic acid site with 

Texas Red hydrazide (Invitrogen) similar to as previously described [44]. Fluorescent 

hydrogels were photocrosslinked from a 1:3 mixture of Texas Red–labeled HA:unlabeled 

HA. 

In general, protein microstructures were fabricated using a Ti:S laser tuned to   

740 nm aligned into an inverted microscope and through the back aperture of an objective 

(Figure 4.1). The beam was expanded and collimated prior to entering the microscope to 

overfill the back aperture of the objective with an intensity cut-off approximating 1/e2. 

Microstructure geometries were created in two ways: scanning a three-axis piezoelectric 

translator (PZT) with nanopositioning capabilities to translate bulk hydrogels relative to 

the laser beam (Figure 4.1A) or by scanning the laser in a raster pattern across an 

electronic mask (DMD) before focusing on the sample (Figure 4.1B).  

The PZT stage (PI 710.3CD, Physik Instrumente, Karlsruhe, Germany) was 

mounted on an inverted microscope (Eclipse TE-2000, Nikon, Melville, NY) and 

controlled using Labview programs (National Instruments, Austin, TX) to scan (speeds of 

5–200 µm s-1) the sample in relation to the laser beam (76 MHz, ~150 fs pulse width, 

Mira, Coherent, Santa Clara, CA) (Figure 4.1A). The beam was expanded to overfill the 

fabrication objective (40x air objective, PLAN FLUOR ELWD, 0.6 numerical aperture 

(NA), Nikon), which was focused into the sample. When fabricating using the DMD 
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alignment (DMD: part 0.55SVGA, obtained from a Benq MP510 business projector 

(Texas Instruments, Dallas, TX)), the laser (80 MHz, ~150 fs pulse width, Tsunami 

Spectraphysics, Newport, Irvine, CA) was aligned into a confocal scan box (Biorad 

MRC600), focused onto the DMD, and then expanded and collimated by a tube lens to 

overfill the back aperture of an objective (40x oil, FLUAR, 1.3 NA, Zeiss) on an inverted 

microscope (Zeiss Axiovert 135, Oberkochen, Germany) (Figure 4.1B) [9]. The confocal 

scanner uses galvanometer-driven mirrors to scan the beam in a raster pattern of 512 lines 

in 3 s across the DMD. The DMD can be controlled by Labview software to dynamically 

project a series of images in coordination with vertical stage movements (Proscan, Prior 

Scientific, Rockland, MA). 

Assuming a Gaussian beam profile and a constant power during laser pulses, laser 

beam peak intensities at the focal point used for MPE were calculated to range from     

2.4 x 1011 to 1.2 x 1012 W cm-2 using the following equation: 

 
 

€ 

I0 = 2Po wo
2  ,                    Equation 4.1             

      

where I0 is the peak intensity within the focal volume, P0 is the peak power, and w0 is the 

beam waist.  P0 and w0 were calculated using the following: 

 

€ 

Po =
Pavgϕ

τω            Equation 4.2 

 

€ 

wo = 0.61λNA ,                        Equation 4.3 

where ϕ is the objective transmission efficiency, τω is the duty cycle of the laser, λ is 

wavelength, and NA is numerical aperture.          
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For swelling studies and 2D substrates for cell culture, a peak laser intensity of 

6.0 x 1011 W cm-2 was used for fabrication of BSA microstructures. A beam intensity of 

4.1 x 1011 W cm-2 was used for photofabrication of 3D BSA microstructures with the 

DMD alignment. An intensity of 1.2 x 1012 W cm-2 was used for avidin microstructures. 

Protein concentration ranged from 100–400 mg mL-1. Methylene blue (MB) and flavin 

adenine dinucleotide (FAD) were used as photosensitizers at concentrations ranging from 

1–5 mM and 6–12 mM, respectively. After crosslinking, hydrogels were rinsed in 

HEPES buffer (140 mM NaCl, 10 mM HEPES, pH 7.4, reagents from ThermoFisher 

Scientific) with at least three 1 h. washes to remove excess protein and photosensitizer, 

leaving protein matrices immobilized within the hydrogel. The procedure for 

photofabrication of protein structures within hydrogels is summarized in Figure 4.2A-B. 

The ability of avidin microstructures to specifically bind biotin was confirmed by 

incubating GMHA hydrogels with avidin structures with a biotinylated rabbit anti-goat 

IgG (1:25, ThermoScientific) overnight at 4ºC. Hydrogels were then rinsed with PBS for 

at least three 1 h. periods before incubation in an AlexaFluor® 568-conjugated goat anti-

rabbit IgG  (1:50, Invitrogen) for 6 h. at 4ºC. Gels were rinsed for at least three 1 h. 

periods in PBS at room temperature before imaging.  

 

4.2.2 Modification of Microstructures with Bioactive Peptides 

BSA was biotinylated (biotin-BSA) using a procedure similar to one previously 

described [2]. BSA was dissolved at 200 mg mL-1 in sodium bicarbonate buffer (100 

mM, pH 8.3) and mixed with a three-fold molar excess of EZ link NHS-LC-biotin 

(ThermoFisher Scientific). The mixture was reacted for 2 h. before dialyzing against 

HEPES buffer overnight (10 kDa cut-off, ThermoFisher Scientific).  
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A twenty-fold of excess of EZ link biotin-polyethylene oxide (2) (PEO)-

maleimide (ThermoFisher Scientific) was added to Cys-Ser-Arg-Ala-Arg-Lys-Gln-Ala-

Ala-Ser-Ile-Lys-Val-Ala-Val-Ser-Ala-Asp-Arg (IKVAV, American Peptide, Sunnyvale, 

CA) or Cys-Asp-Pro-Gly-Tyr-Ile-Ser-Arg (YIGSR, American Peptide) in PBS and the 

mixture was allowed to react for 2 h. before dialyzing against distilled, deionized water 

overnight (500 Da cut-off, Float-a-lyzers, Spectrum Laboratories). The biotinylated 

product was then lyophilized. Some biotinylated IKVAV peptide was purchased pre-

conjugated from New England Peptide (Gardner, MA). Biotinylation of BSA, IKVAV, 

and YIGSR was confirmed using the Fluoreporter assay according to the manufacturer’s 

instructions (Invitrogen).  

Functionalization of biotin-BSA structures in hydrogels was accomplished by 

incubating samples with NeutrAvidin (5 µM, ThermoFisher Scientific) or fluorescein-

labeled NeutrAvidin (5 µM, Invitrogen) in HEPES buffer overnight at 4 °C followed by 

three 1 h. rinses. Hydrogels were then incubated with biotinylated peptide (4 µM 

IKVAV, YIGSR or RGD), 5-((N-(5-(N-(6-(biotinoyl)amino)hexanoyl)amino)pentyl) 

thioureidyl)fluorescein (2 µM; fluorescein-biotin, Invitrogen) or 5-(and-6)-

tetramethylrhodamine biocytin (2 µM biocytin TMR, Invitrogen) for 4 h. at room 

temperature followed by an additional three 1 h. rinses in buffer. This procedure is 

summarized in Figure 4.2C. To detect the presence of IKVAV, structures were 

immunostained with anti-laminin (1:500, incubation for 2 days at 4°C, Sigma-Aldrich) 

[45], followed by a secondary antibody (AlexaFluor 568-conjugated goat anti-rabbit IgG, 

1:500, Invitrogen) for visualization (incubation for 1 day at 4°C). 

A custom-built two-photon microscope was constructed by attaching a 

photomultiplier tube (PMT) to a microscope side port (Eclipse TE-2000).  An SR430 

photon counter (Stanford Research, San Francisco, CA) with a multichannel scaler was 
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used to read the integrated PMT output (over a ~2.6 s binning time). A Ti:S laser 

(Coherent Mira) was aligned to overfill the back aperture of the microscope objective 

(60x oil, Plan Apo, 1.4 NA, Nikon) (Figure 4.1A) and used for two-photon excitation of 

fluorescein-tagged biotin bound to microstructures. The PZT was translated so that the 

laser focal spot scanned across the sample in a raster pattern and the laser position in the 

sample with the SR430 output were synced using Labview. From this raw data array, an 

image was constructed using MATLAB software (MathWorks, Natick, MA). 

Immobilization of fluorescein-biotin was quantified by fitting experimental 

measurements to a standard curve (concentration versus signal) of free fluorescein-biotin 

solution at varying concentrations.  

 

4.3 RESULTS AND DISCUSSION 

4.3.1 3D Photofabrication of Microstructures in Hydrogels 

As described in the methods, 3D protein microstructures were photofabricated 

using two separate approaches. In the first approach, a three-axis PZT with 

nanopositioning capabilities was used to translate bulk hydrogels along 3D vector-based 

paths, a process that can create protein microstructures of arbitrary 3D complexity, 

including pyramids and spirals (Figure 4.3). At a typical scan speed used in these studies 

(40 µm s-1), a 60 µm–diameter protein coil that extends 60 µm axially into the hydrogel 

(Figure 4.3C) could be fabricated in less than 5 s. Unlike the PZT method, the second 

fabrication strategy, scanning the laser across an electronic mask (DMD), provides the 

ability to rapidly design and modify complex 3D architectures by iteratively adapting 

image stacks using high-level computer-aided design (CAD) and drawing programs.  The 

design for the coil segment in Figure 4.3D was created as a sequence of masks, each 
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containing a circle that translated along the circumference of a larger circle as one mask 

was replaced by the next. The pitch of the coil and its cross-sectional size and shape can 

be altered within minutes by modifying the mask sequences within high-level software 

environments.  

In addition, the dynamic masking approach is able to fabricate microstructures 

over large areas in shorter time periods than is possible using vector-based sample 

scanning with the PZT. For example, fabrication of a 2D, 50 µm x 50 µm square on a 

hydrogel surface requires ~3 s using the confocal scanner versus ~50 s using the PZT for 

beam translation relative to the sample. With both methods, typical feature resolution is  

≤ 0.5 µm radially and ≤ 1–2 µm axially [1, 9]. Although resolution is comparable 

between the two approaches, the largest lateral area over which a pattern can be 

fabricated in a single scan is approximately three times greater with the PZT method 

(90,000 µm2, restricted by the maximum range of motion of the stage motor) than the 

DMD method (33,000 µm2, restricted by the range of motion of the confocal scanner). 

However, in either case, microstructure patterns can be stitched together to cover larger 

areas [9]. However, it should be recognized that unlike the vector-based PZT strategy, 

DMD-directed photofabrication can produce artifacts along the axial dimension of the 

structures when step size between fabrication planes is not sufficiently small.  

Structures could be fabricated at depths in hydrogels of at least 1 mm without 

noticeable distortions in pattern integrity (0.65 NA, 40x air, ELWD objective). Not 

unexpectedly, higher laser intensities were often required to achieve the same degree of 

crosslinking at greater depths in the gel. In practice, after crosslinking from one face of a 

hydrogel, it is possible to invert the gel and focus the laser from the opposite side, a 

procedure that effectively doubles the total axial distance over which microstructures can 
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be patterned. If greater axial distances were necessary, multiple hydrogels could be 

stacked together.  

Three explanations for the retention of crosslinked protein structures within 

GMHA hydrogels were evaluated: 1) covalent crosslinking between amino acids and any 

available free methacrylate groups on GMHA, 2) physical ablation of the hydrogels in the 

focus of the laser spot, creating a cavity in which protein structures are immobilized, or 

3) physical immobilization of microstructures that are crosslinked into an insoluble form. 

The first possibility was eliminated after evaluating the following results. As covalent 

crosslinking to the methacrylate side groups in the hydrogels could not occur unless a 

sufficient number of these free methacrylates are present, photocrosslinked GMHA 

hydrogels were degraded using hyaluronidase, which specifically cleaves the ß-linkage of 

HA and thus does not affect covalent crosslinks between methacrylates formed during 

UV photocrosslinking of the hydrogels. After degradation, the crosslinked GMHA 

solution was boiled to precipitate the hyaluronidase and then centrifuged to recover the 

degraded GMHA hydrogel remnants in the supernatant, according to a previously 

reported method [46]. 1H-NMR analysis was then performed on the degraded hydrogel 

solution. Although the typical peaks seen for HA were present, no peaks were present 

that could be assigned as free methacrylates (Figure 4.4) [47, 48]. The peaks attributed to 

HA in the spectrum were wider and shifted further upfield after degradation, as expected 

for lower molecular weight HA solutions. Furthermore, the presence of a 

photocrosslinkable side group on the base polymer was not necessary to photofabricate 

freestanding, 3D protein structures within a hydrogel. For example, microstructures could 

easily be incorporated into agarose hydrogels with no modifications (e.g. acrylation) to 

the base hydrogel (Figure 4.5B). The combination of these results indicates that no 

chemical reaction between the hydrogel base and the protein structures occurs during 
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fabrication, leaving the other two possibilities listed above: physical ablation of hydrogels 

in the focus of the laser spot, creating a cavity in which protein structures are retained or 

physical retention of microstructures that are crosslinked into an insoluble form.  

Laser ablation of GMHA hydrogels was investigated by scanning the laser 

through hydrogels soaked with photosensitizer (FAD), but no protein. No evidence of 

physical ablation in the area of the structures was detected using differential interference 

contrast (DIC) imaging, unless the laser intensity was increased to approximately an 

order of magnitude higher than the minimum intensity required for photofabrication 

(specifically, 2.4 x 1011 W cm-2 versus 1.2 x 1012 W cm-2 when scanned through the 

sample at 50 µm s-1, Figure 4.6). Without photosensitizer or protein present, the hydrogel 

ablation threshold was even higher. There were notable differences in the appearance of 

laser-irradiated regions with or without protein present; for example, protein structures 

appeared relatively thick and bright under DIC while ablated areas appeared thin and 

dark (e.g., Figure 4.5 versus Figure 4.6A,B).  

Optical breakdown of water-based materials using pulsed lasers has been 

described previously by multiple investigators [49-56]. In particular, Vogel, et al. [49], 

report an intensity threshold of ~1 x 1012 W cm-2 for optical breakdown to occur (800 nm 

wavelength, 80 MHz repetition rate, 100 fs pulse width), which is comparable to the 

ablation threshold found here. However, the results found by Vogel, et al. [49] are not 

directly comparable to these results because in these studies the laser was focused at least 

10 µm into the hydrogels and hydrogels were soaked in the photosensitizer FAD. Higher 

laser intensity was required inside the hydrogels than at the surface and the presence of 

photosensitizers appears to lower the ablation threshold, likely because the absorption of 

FAD at 740 nm is higher than that of pure water [57].   
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Heisterkamp, et al. [55] found that the energy threshold for the optical breakdown 

for microtubules and actin in cells was at least 20% higher than that for photobleaching 

of the EGFP (green fluorescent protein), which was co-expressed with either tubulin or 

actin. Because photobleaching is typically caused by radical-mediated photochemical 

reactions, these results support the idea that the threshold for photocrosslinking in 

hydrogels is lower than the threshold for ablation. Fluorescein-labeled BSA structures 

were crosslinked using a laser intensity of 6.0 x 1011 W cm-2 within Texas Red-labeled 

GMHA hydrogels and imaged using confocal microscopy. Interestingly, no voids that 

would indicate hydrogel ablation or photobleaching were apparent at the resolution 

obtained in these studies (20x air, HC PL APO CS, 0.7 NA, Leica, Figure 4.6C). Despite 

this further evidence that no significant hydrogel ablation occurs during protein 

photocrossliking, it is still possible that the some ablation occurs in the hydrogel so that 

the photocrosslinked protein structures are confined within an ablated area. 

Additional evidence that the hydrogels and protein microstructures are not 

covalently linked can be inferred from the observation that the structures and the 

hydrogels swell independently in response to changes in osmolarity. It has been 

previously demonstrated that laser intensity affects the density and thickness of BSA 

microstructures fabricated on glass substrates and the ability of these microstructures to 

swell and deswell in response to changes in osmolarity and pH [7]. Likewise, these 

concepts also apply to protein structures fabricated within optically transparent hydrogels 

(Figure 4.5). When the concentrated protein solution used for crosslinking is rinsed out 

of hydrogels, the large change in osmolarity (and small change in pH) causes volume 

changes in both hydrogels and microstructures. Swelling was evaluated for both the 

internal protein microstructures and GMHA hydrogels for several fabrication conditions. 
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Significant differences were found when protein concentration, photosensitizer 

concentration and scan speed were varied (Figure 4.7).  

Linear structures fabricated within GMHA hydrogels from 200 mg mL-1 BSA and 

1 mM MB were found to increase in length by 17 ± 4% (average ± standard deviation,    

n = 13) after washing in buffer (Figure 4.7B,C). No differences were found when scan 

speeds were ranged from 25–50 µm s-1 at this concentration. However, significant 

differences between scan speeds were observed when 400 mg mL-1 BSA and 5 mM MB 

were used (p < 0.0003, 6 ± 4% for 25 µm s-1 and 25 ± 4% for 50 µm s-1, n = 4)       

(Figure 4.7A,C). Because more highly crosslinked protein is deposited at slower scan 

speeds, it follows that those fabricated at lower speeds swell less. Structures made from 

the higher concentration (400 mg mL-1 BSA, 5 mM MB) swelled significantly less than 

those made at the lower concentration (200 mg mL-1 BSA, 1 mM MB) at a scan speed of 

25 µm s-1 (p < 0.0008) and significantly more at a scan speed of 50 µm s-1 (p < 0.04). This 

may be explained by the combination of two factors that can contribute to swelling.  

First, the higher concentration of protein and photosensitizer (400 mg mL-1 BSA, 

5 mM MB) presents a higher osmolarity environment to the hydrogel and structures, 

causing them to be smaller during fabrication than with the lower concentration          

(200 mg mL-1 BSA, 1 mM MB) solution. If osmolarity were the sole determinate of size 

changes, then hydrogels with microstructures soaked in the higher osmolarity solution 

and subsequently placed in the rinsing buffer (without protein), should exhibit a greater 

change in size equivalent samples soaked in the lower osmolarity solution, as observed 

with 50 µm s-1 scan speed. However, protein structure density (determined by protein 

concentration and scan speed) oppositely affects protein microstructures size, and so the 

denser structures (400 mg mL-1 BSA) do not swell as much as the less dense structures 

(200 mg mL-1 BSA). The results discussed here suggest that the effect of structure density 
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dominates in the regime of the slower scan speed (i.e., 25 µm s-1), while the effects of 

osmolarity dominate at the faster scan speed (i.e., 25 µm s-1). After this initial swelling 

during rinsing to remove the unreacted fabrication solution, structure size did not change 

significantly when monitored for periods of 1 week at 37°C (cell medium, 5% CO2) or 1 

month at 4°C in PBS (Figure 4.8).  

Support GMHA hydrogels also showed a change in volume after washing to 

remove protein solution post-fabrication. As expected, this change was greater (p < 0.03) 

when the hydrogels were first soaked with the higher osmolarity solution                    

(400 mg mL-1 BSA and 5 mM MB) than the lower osmolarity solution                         

(200 mg mL-1 BSA and 1 mM MB). However, in all cases except for the structures 

fabricated using 400 mg mL-1 BSA, 5 mM MB and 50 µm s-1, the swelling of the 

structures was significantly different than that of the GMHA hydrogels in which they 

were immobilized (p < 0.03, n = 2 for hydrogels, n = 4 for microstructures). Notably, the 

hydrogels swelled ~10% less than the structures fabricated from 200 mg mL-1 BSA and   

1 mM MB at 25 µm s-1 (microstructures = 17 ± 4%, n = 7, versus hydrogels = 7 ± 5%,     

n = 2) and ~10% more when fabricated from 400 mg mL-1 BSA and 5 mM MB at          

25 µm s-1 (microstructures = 6 ± 4%, n = 5, versus hydrogels = 20 ± 10%, n = 2). This 

result is likely because the differences in hydrogel swelling were almost exclusively from 

changes in osmolarity, while the effects of protein structure density (as a function of scan 

speed and protein concentration) also contributes to microstructure swelling. Because the 

protein structures and hydrogels swelled independently in response to different factors 

and no significant distortions in 3D pattern integrity were observed with swelling, these 

data indicate that the protein structures are not directly tethered to the hydrogels but 

rather physically retained within them.  
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4.3.2 Tethering of Bioactive Peptides to BSA Microstructures 

BSA was used as a model protein for these studies because it is inexpensive and 

protocols for structure fabrication using MPE have been well established on two-

dimensional substrates [1-17]. However, for cell guidance, presentation of more specific 

bioactive cues is required. Developing new MPE fabrication conditions for each new 

protein one desires to immobilize is a tedious process and many ECM proteins are very 

expensive and not soluble at the concentrations required for fabrication using MPE. To 

this end, it would be difficult for the typical researcher to apply this technique across 

tissue engineering disciplines. In these studies, NeutrAvidin was immobilized on biotin-

BSA structures as substrates for biotinylated biomolecules (Figure 4.2C). This widely 

used approach for biomolecule immobilization was chosen because of the highly specific, 

non-covalent binding between avidin and its variants to biotin and the flexibility it 

provides to incorporate a multitude of bioactive factors, as it is relatively simple to tag 

most biomolecules with biotin.   

Previous studies from the Shear research group have shown that avidin 

microstructures retain substantial biotin-binding capacity [1, 5], providing an opportunity 

to decorate spatially defined materials with a wide variety of biotinylated compounds, 

including fluorescent reporters [1, 5], enzymes [2], and bioactive peptides [18]. Avidin 

microstructures photofabricated in GMHA hydrogels using MPE appeared less robust 

than BSA structures under phase contrast observation, but did remain stable and retain 

specific binding activity for biotinylated ligands over a period of at least two weeks, 

when kept hydrated. The capacity of avidin microstructures in GMHA hydrogels to bind 

biotin was confirmed using an immunostaining procedure where a non-specific, 

biotinylated, rabbit-derived IgG was used in place of the typical primary antibody 

(Figure 4.9A). BSA microstructures were used as negative controls (Figure 4.9B). 
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Unfortunately, avidin’s high isoelectric point (~ 10.5) [58] leads to its non-specific 

retention in GMHA hydrogels, which are anionic under physiologic conditions (pI of 

unmodified HA polymer ~ 2.5) [59]. Moreover, commercially available avidin is 

relatively costly, a significant concern when used at concentrations required for 

photofabrication (i.e., > 100 mg mL-1). 

As a more practical route for exploiting the strong, non-covalent interaction 

between avidin and biotin (Ka ~ 1015) [58] to functionalize protein-based microstructures, 

biotin-BSA was used as summarized in Figure 4.2C [2]. Modifying protein structures in 

GMHA hydrogels with avidin or its variants provides a flexible method by which to 

easily incorporate short, bioactive peptides in high-resolution, 3D patterns. For initial 

characterization of this method, immobilization of biotin-TMR onto NeutrAvidin-

fluorescein was confirmed by fluorescence imaging (Figure 4.10). NeurtrAvidin, a 

deglycosylated form of avidin, was investigated as an alternative to avidin because it has 

been reported to exhibit less non-specific binding [60]. Negative controls where 

fluroescein-biotin or TMR-biotin was directly incubated with biotin-BSA structures in 

the absence of NeutrAvidin showed no non-specific binding of biotin to the biotin-BSA 

microstructures. 

To optimize each step of this immobilization procedure independently, GMHA 

hydrogels with internal biotin-BSA microstructures were incubated in avidin-fluorescein 

to assess specific binding capabilities of the biotin-BSA microstructures (Figure 4.11). 

Unlabeled avidin and unmodified BSA structures incubated with avidin-fluorescein were 

used as negative controls. However, fluorescence signal was observed when avidin-

fluorescein was incubated with both biotinylated and non-biotinylated BSA 

microstructures (Figure 4.11). This phenomenon was probably because of charge 
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interactions between cationic avidin and the densely crosslinked, anionic BSA 

microstructures.  

To investigate the charge interaction of avidin with BSA microstructures, the 

above experiments were repeated with NeutrAvidin-fluorescein, which exhibits an 

isoelectric point more similar to that of BSA (pI ~ 6.5 and 4.5, respectively [60, 61]). 

Results indicated a strong role for electrostatic interactions, as again avidin-fluorescein 

was present on both biotinylated and non-biotinylated structures, while NeutrAvidin-

fluorescein was observed almost exclusively on biotin-BSA microstructures and 

substantially less background fluorescence was observed with NeutrAvidin-fluorescein 

compared avidin-fluorescein (Figure 4.11). In addition, the total avidin-fluorescein 

immobilization was always greater than the total NeutrAvidin-fluorescein 

immobilization, most likely because of the combination of specific and nonspecific 

binding forces. These results strongly imply that non-specific charge interactions mediate 

immobilization of avidin to BSA structures. Therefore, NeutrAvidin was chosen for 

future studies because of its higher specificity for biotin-BSA microstructures within 

GMHA hydrogels. Notably, at laser intensities equal to or greater than 1.2 x 1012 W cm-2, 

immobilization of both avidin and NeutrAvidin was comparable. At these higher 

intensities, deposition of biotin-BSA and BSA in microstructures during photofabrication 

also levels off to a maximum. Beyond this upper intensity limit, there was no apparent 

utility for attenuating deposition of proteins or other bioactive factors. It is also possible 

that at this threshold, some other mechanism, such as hydrogel ablation, begins to occur. 

Binding of biotinylated, bioactive factors to NeutrAvidin-modified 

microstructures was initially evaluated binding in distilled, deionized water (no salt) 

because the laminin-derived peptides (i.e., IKVAV and YIGSR) are generally more 

soluble in water than salt buffers (Figure 4.12 and Figure 4.13). The HEPES buffer used 
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for protein photofabrication and washing after photofabrication was also evaluated to 

determine if buffering microstructures and hydrogels during biotin immobilization was 

advantageous (Figure 4.14 and Figure 4.15). Lastly, the time and temperature of 

incubation with NeutrAvidin were varied in order to maximize binding of the medial 

NeutrAvidin layer to biotin-BSA prior to adding a biotinylated factor. The concentration 

of NeutrAvidin was chosen based on standard protocols for indirect immunostaining of 

tissues and the concentration of fluorescein-biotin was chosen as the highest 

concentration that could be used for binding and still rinsed out of the hydrogels (i.e., no 

background fluorescence was observed in the hydrogels).  

Results of these studies found that an overnight incubation with NeutrAvidin at 

4°C was optimal for both biotin binding and retention on the microstructures over the 

ten-day period evaluated (Figure 4.12 versus Figure 4.13 and Figure 4.14 versus  

Figure 4.15). Furthermore, binding both NeutrAvidin and subsequent biotin in HEPES 

buffer showed superior initial binding and retention of fluorescein-biotin over the same 

time period (Figure 4.12 versus Figure 4.14 and Figure 4.13 versus Figure 4.15). Thus, 

the expansion of hydrogel and protein microstructures pore when in water does not 

appear to increase access to binding sites on the microstructures. Although NeutrAvidin 

is more soluble in water than buffer, its conformation may not be optimal for biotin 

binding to multiple sites. In addition, the large degree of swelling that the hydrogels and 

microstructures undergo when placed in water may serve to sufficiently disrupt their 

structural integrity or even make the biotin groups on biotin-BSA microstructures less 

available for binding due to hydrophobic interactions of biotin with other regions of the 

BSA proteins. Thus, an overnight incubation of NeutrAvidin at 4°C followed by a 4 h. 

incubation with the biotinylated factor (after rinsing) at room temperature in HEPES 
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buffer was chosen for further modifications of biotin-BSA microstructures with 

biotinylated factors. 

The concentration of proteins, peptides and other bioactive factors is known to 

have profound effects on all aspects of cellular behavior, particularly guidance.  

Investigations of cell interactions with protein microstructures cannot be appropriately 

studied without the ability to tune the density of immobilized protein.  The amount of 

protein (biotin-BSA or BSA) deposited was effectively attenuated during microstructure 

fabrication by varying either the laser intensity or scan speed (Figure 4.5A,B and   

Figure 4.7A). Notably, this result translated to both NeutrAvidin-fluorescein (Figure 

4.16) and fluorescein-biotin (Figure 4.12, Figure 4.13, Figure 4.14 and Figure 4.15) 

after modification of biotin-BSA structures in hydrogels as described above.   

The results of biotin binding presented thus far were assessed semi-quantitatively 

by widefield fluorescence of a fluorescently tagged biotin. However, it would be more 

appropriate for experiments investigating the effects of bioactive peptides or growth 

factors on cell migration to use a quantitative measurement of immobilization. To this 

end, a two-photon microscope was custom-built that can be used to quantify the extent of 

immobilization of biotinylated factors on NeutrAvidin-modified biotin-BSA 

microstructures within hydrogels. For reasons of cost, fluorescein-biotin was employed 

for these initial studies evaluating control of biotinylated ligand immobilization on biotin-

BSA microstructures in hydrogels. Two-photon fluorescence emission from fluorescein-

biotin bound to biotin-BSA microstructures via NeutrAvidin was fit to a 2nd order 

polynomial fit (R2 = .999) of the standard curve to determine the concentration of 

immobilized fluorescein-biotin. To date, we have confirmed the accuracy of this method 

for modified protein structures fabricated on glass coverslips (Figure 4.17). Currently, 

we are working on expanding this method to modified microstructures within HA 
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hydrogels. Two-photon fluorescence microscopy has significant advantages when 

imaging 3D samples due to minimal out-of-plane fluorescence and the use of longer, 

near-infrared wavelengths that permit greater sample penetration. Additionally, as laser 

intensity is attenuated as a function of depth in the hydrogel, future studies will 

investigate differences in biotin binding at different hydrogel depths.  

The bioactive peptide IKVAV was biotinylated at the N-terminal cysteine as a 

means by which to tether it to microstructures. For visualization, biotinylated IKVAV 

was modified at available carboxylic acids (C-terminus and aspartic acid) with Texas Red 

using standard protocols for carboiimide chemistry [62]. However, as the IKVAV 

sequence in the peptide and Texas Red are both hydrophobic and tended to aggregate, 

purification proved difficult. To overcome this limitation, the peptide modified with a 

biotin-PEO at the N-terminus was purchased.  Direct labeling of one fluorescein per 

biotin will allow for fairly quantitative measurments of IKVAV immobilization on 

microstructures with the MPE detection set-up described in the previous paragraph. 

Alternatively, biotinylated IKVAV bound to protein microstructures could be 

detected by immunostaining with a polyclonal anti-laminin antibody that recognizes the 

IKVAV region [45]. To investigate the specificity of biotinylated IKVAV 

immobilization, fluorescein-labeled BSA was photofabricated into rectangular pads using 

the DMD-directed scanning technique within GMHA hydrogels. After thoroughly rinsing 

fabrication reagents from these hydrogels, they were soaked in photosensitizer and biotin-

BSA (not fluorescently labeled), which was used to fabricate more elongated rectangular 

pads adjacent to the initial microstructures. After rinsing again, hydrogels were incubated 

with NeutrAvidin followed by biotinylated IKVAV as described above. Entire hydrogels 

containing both types of structures were then immunostained for IKVAV. Figure 4.18 

demonstrates the high degree of specificity of the biotin-NeutrAvidin-biotin 
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immobilization technique, as no immunolabeling of non-biotin-BSA structures was 

detected. Moreover, this result suggests the feasibility of patterning more than one type of 

protein structure within a single hydrogel. 

 

4.4 CONCLUSIONS AND FUTURE DIRECTIONS 

These results demonstrate patterning of 3D, peptide-functionalized 

microstructures within optically transparent hydrogels. The amount of peptide bound was 

controlled by attenuation of the laser intensity during photofabrication base biotin-BSA 

microstructures. Because this strategy relies on the deposition of photocrosslinked protein 

matrices and a highly versatile avidin-biotin tethering approach, it can provide 

simultaneous topographical and chemical cues to cells without requiring multi-step 

chemical syntheses for every new display ligand or hydrogel type. Importantly, it is 

straightforward to expand this method to multiple optically transparent hydrogel 

materials with differing chemical and mechanical properties, including agarose and PEG, 

with only minimal protocol adjustments. In addition, microstructures fabricated using this 

method create combinations of chemical and topographical cues, similar to those 

experienced by nerve cells during in vivo development, which previously have been 

shown to strongly influence growth cone guidance in vitro [36, 40-42]. These 

microstructures can be efficiently patterned in complex 3D architectures with 

submicrometer features, providing for the first time a means to direct cell distribution and 

outgrowth on size scales relevant to the in vivo ECM. 
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Figure 4.1 Schematic of Laser Alignment for Photofabrication. The beam from a mode-
locked, T:S laser is expanded to overfill (1/e2) the back aperture of a high 
NA objective on an inverted microscope. A half-wave plate followed by a 
polarizing beam splitting cube, to attenuate polarization, was used to control 
laser intensity (not depicted). A) A PZT stage and external shutter are used 
to create continuous, vector-based 3D shapes by translating the sample in 
relation to the focal spot. B) A series of reflective masks is displayed on a 
DMD array over which the laser is scanned in a raster pattern by a standard 
confocal scanning mirror. The beam is focused onto the DMD by the lens 
immediately before the DMD and the reflected beam is collimated by the 
tube lens before alignment into the back aperture of the objective, which is 
placed a distance of approximately twice the sum of the four lenses from the 
scanning mirror at a pivot point.  
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Figure 4.2 Peptide-Tethered Microstructures within 3D Hydrogels. A) Laser is focused 
by a fabrication objective into hydrogels soaked with a solution of protein 
and photosensitizer (credit to Jason Shear). B) Flow chart describing 
preparation of hydrogels with internal, 3D protein microstructures and 
subsequent modification of these microstructures with bioactive ligands via 
NeutrAvidin–biotin interactions. C) Schematic of immobilization of 
bioactive molecules on biotin-BSA microstructures. NeutrAvidin is bound 
to photofabricated microstructures, rinsed, and subsequently incubated with 
biotinylated factors.  
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Figure 4.3 3D BSA Microstructures in GMHA Hydrogels. Confocal microscopy 
reconstructions of microstructures (200 mg mL-1 BSA) photofabricated 
within GMHA hydrogels using either 6 mM FAD (A and B) or 1 mM MB 
(C and D) as a photosensitizer. A-C demonstrate fabrication using the PZT 
and D represents DMD-directed fabrication. A) Pyramid (5% fluorescein-
BSA) as viewed top-down (top panel) and from the side (bottom panel). 
Side length of the base pyramid square was specified to be 300 µm. Each 
successive square was 20 µm smaller in side length in the x–y plane and 
translated 10 µm along the z-axis to total height was 40 µm. Gridded boxes 
are 380 µm x 390 µm x 65 µm and grid divisions mark every 20 µm. B) 
Helix (5% fluorescein-BSA) as viewed top-down (top panel) and from the 
side (bottom panel). Helix was fabricated at the hydrogel surface so that 
only half of each rotation was inside, creating adjacent semi-circles. Helix 
pattern consisted of 12 turns, spaced 10 µm apart. Gridded boxes are 240 
µm x 270 µm x 70 µm, with grid markings every 20 µm. C) BSA helix 
fabricated with a 30 µm diameter and three full revolutions moving 30 µm 
along the normal axis. Scale bar = 30 µm. D) BSA helix fabricated as 
successive planes (45) were scanned with an axial spacing of 0.3 µm 
between planes. Scale bar = 25µm. 
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Figure 4.4 1H-NMR Spectra of GMHA Hydrogels. A) Uncrosslinked GMHA modified 
with 11 methacrylates per 100 dissacharides (11% modification). B) GMHA 
in A after first UV-photocrosslinking the methacrylate groups, and then 
enzymatically degrading at the ß-linkages. Note the disappearance of the 
methacrylate peaks between 5 and 6 ppm in B. 
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Figure 4.5 Attenuation of Protein Density in Microstructures. Protein microstructures 
were fabricated from 200 mg mL-1 BSA and 1 mM MB. A) DIC images of 
BSA microstructures in a GMHA hydrogel photocrosslinked by scanning 
the PZT at varying scan speeds, a constant laser intensity                          
(6.0 x 1011 W cm-2). B) Fluorescence images of fluorescein-BSA (2%, w/v) 
microstructures in agarose hydrogels fabricated from three different laser 
intensities at a constant scan speed (50 µm s-1). Scale bars = 50 µm. 
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Figure 4.6 Ablation of GMHA Hydrogels. A) GMHA hydrogels were soaked with 6 mM 
FAD and scanned with the laser using 1.6 x 1012 W cm-2. Scale bar = 30 µm. 
B) Fluorescence image of Texas Red-labeled GMHA soaked with 6 mM 
FAD and scanned with the laser at 1.6 x 1012 W cm-2 and 50 µm s-1 over a 
150 µm x 150 µm square area. C) Confocal microscopy reconstructions of a 
BSA helix (5% w/v fluorescein-labeled BSA, green channel, left panel) 
fabricated in a Texas Red-labeled GMHA hydrogel (red channel, middle 
panel). Fluorescence overlay is shown in the right panel. Helix was 
fabricated at the hydrogel surface so that only half of each rotation resulted 
in protein immobilization, creating adjacent semi-circles. Helix pattern 
consisted of 12 turns, each spaced 10 µm apart. Dimensions of gridded 
boxes are 410 µm x 340 µm x 70 µm, with grid markings every 20 µm.  
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Figure 4.7 Swelling of BSA Microstructures in GMHA Hydrogels. A) BSA 
microstructures fabricated from 400 mg mL-1 BSA and 5 mM MB. B) BSA 
microstructures fabricated from 200 mg mL-1 BSA and 1 mM MB. In both 
A and B, the left panels were imaged immediately after fabrication and the 
right panels are images of the same structures after 24 h. of washing in 
neutral-pH buffer to remove uncrosslinked protein and photosensitizer. All 
microstructures were fabricated using the same laser intensity of               
6.0 x 1011 W cm-2. Scale bars = 50 µm. C) Quantification of size changes in 
structures and GMHA hydrogels shown in A and B. Error bars represent 
standard deviation. 
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Figure 4.8 Stability of BSA Microstructures in GMHA Hydrogels. Fluorescence images 
of microstructures photofabricated from 200 mg mL-1 BSA (5% BSA-FITC) 
using a laser intensity of 6.0 x 1011 W cm-2. Each image was taken in the 
same x-y plane and a different z plane. The left images were focused at the 
top of the pyramid (z = 40 μm), and the right images were focused at the 
bottom of the pyramids (z =40 μm). A) One day post-fabrication. B) Four 
weeks post-fabrication stored in PBS at 4°C. Scale bars = 50 μm. 
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Figure 4.9 3D Avidin Microstructures. Avidin (100 mg mL-1) and BSA (100 mg mL-1) 
microstructures photofabricated from inside a GMHA hydrogel using 6 mM 
FAD. A) Fluorescence image of avidin microstructures incubated with a 
biotinylated IgG followed by a fluorescein-labeled secondary IgG. The plot 
on the right is a representative intensity profile of the line drawn through the 
center of the square. Note the presence of intensity peaks corresponding to 
each individual crosslinked avidin structure. B) Fluorescence image of BSA 
microstructures subjected to the labeling procedure described in A. Again, 
the plot on the right is a representative intensity profile of the line drawn 
through the center of the square. Scale bars = 50 μm. 
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Figure 4.10 IKVAV-Modified Microstructures. Fluorescence image of biotin-BSA 
microstructures fabricated in a GMHA hydrogel, incubated with 
NeutrAvidin-Fluorescein (A), followed by incubation with biotinylated, 
Texas Red-labeled IKVAV peptides (B).  
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Figure 4.11 Avidin Variants Bound to BSA Microstructures. A) Fluorescence images of 
avidin-fluorescein (left) and NeutrAvidin-fluorescein (right) incubated with 
biotin-BSA microstructures in GMHA hydrogels. Quantification of 
fluorescence signal, measured along the red lines, is shown in the plot 
below. B) Fluorescence images of avidin-fluorescein (left) and NeutrAvidin-
fluorescein (right) incubated with non-biotinylated BSA microstructures in 
GMHA hydrogels. Quantification of fluorescence signal, measured along 
the red lines, is shown in the plot below. All microstructures were fabricated 
at 6.0 x 1011 W cm-2. Scale bars = 50 µm. 
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Figure 4.12 Fluorescein-Biotin on Biotin-BSA Microstructures: Condition 1. Wide-field 
fluorescence images of fluorescein-biotin immobilized onto biotin-BSA 
microstructures in a GMHA hydrogel via NeutrAvidin. All microstructures 
were fabricated at the same laser intensity (6.0 x 1011 W cm-2), but scan 
speed was varied (100 µm s-1 – top, 50 µm s-1 – middle, 25 µm s-1 – bottom). 
NeutrAvidin was incubated overnight at 4ºC in HEPES buffer (pH 7.4). The 
plots beside each image are representative intensity profiles drawn 
perpendicularly through the center set of lines. Scale bars = 50 µm. 
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Figure 4.13 Fluorescein-Biotin on Biotin-BSA Microstructures: Condition 2. Wide-field 
fluorescence images of fluorescein-biotin immobilized onto biotin-BSA 
microstructures in a GMHA hydrogel via NeutrAvidin. All microstructures 
were fabricated at the same laser intensity (6.0 x 1011 W cm-2), but scan 
speed was varied (100 µm s-1 – top, 50 µm s-1 – middle, 25 µm s-1 – bottom). 
NeutrAvidin was incubated for 6 h. in HEPES buffer (pH 7.4) at room 
temperature. The plots beside each image are representative intensity 
profiles drawn perpendicularly through the center set of lines.                
Scale bars = 50 µm. 
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Figure 4.14 Fluorescein-Biotin on Biotin-BSA Microstructures: Condition 3. Wide-field 
fluorescence images of fluorescein-biotin immobilized onto biotin-BSA 
microstructures in a GMHA hydrogel via NeutrAvidin. All microstructures 
were fabricated at the same laser intensity (6.0 x 1011 W cm-2), but scan 
speed was varied (100 µm s-1 – top, 50 µm s-1 – middle, 25 µm s-1 – bottom). 
NeutrAvidin was incubated overnight in distilled, deionized water at 4ºC. 
The plots beside each image are representative intensity profiles drawn 
perpendicularly through the center set of lines. Scale bars = 50 µm. 
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Figure 4.15 Fluorescein-Biotin-Modified BSA Microstructures: Condition 4. Wide-field 
fluorescence images of fluorescein-biotin immobilized onto biotin-BSA 
microstructures in a GMHA hydrogel via NeutrAvidin. All microstructures 
were fabricated at the same laser intensity (6.0 x 1011 W cm-2), but scan 
speed was varied (100 µm s-1 – top, 50 µm s-1 – middle, 25 µm s-1 – bottom). 
NeutrAvidin was incubated overnight in distilled, deionized water at 4ºC. 
NeutrAvidin was incubated for 6 h. in distilled, deionized water at room 
temperature. The plots beside each image are representative intensity 
profiles drawn perpendicularly through the center set of lines.                
Scale bars = 50 µm. 
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Figure 4.16 Attenuation of NeutrAvidin-Fluorescein Immobilization. Microstructures 
(200mg mL-1 biotin-BSA, 1 mM MB) were photocrosslinked at peak 
intensities of either 4.0 x 1011 W cm-2 (top panel) or 8.0 x 1011 W cm-2 
(bottom panel) in GMHA hydrogels. Corresponding plots of fluorescence 
intensity demonstrate that varying laser intensity during fabrication of initial 
biotin-BSA microstructures effectively attenuates the amount of bound 
NeutrAvidin. Side lengths of outermost squares were 100 µm. For each 
successive inner square, side length was decreased by 10 µm.                
Scale bars = 50 µm. 
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Figure 4.17 Two-Photon Fluorescence of Immobilized Fluorescein-Biotin. Two-photon 
fluorescence of fluorescein-biotin in HEPES buffer (pH 7.4) was measured 
using our custom-built multiphoton fluorescence microscope. A) At all 
concentrations evaluated, the slope of log[emission fluorescence] versus 
log[laser intensity] is approximately 2 when the concentration of biotin-
fluorescein was between 0.1 µM and 1 µM, indicating two-photon 
fluorescence. B) Image of microstructures reconstructed using MATLAB 
software. Microstructures were incubated with 2 µM fluorescein-biotin. 
Credit to Derek Hernandez for the data and images shown in this figure. 
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Figure 4.18 Specificity of IKVAV Immobilization. A) BSA (squares and vertical line) 
and biotin-BSA (diagonal rectangles and lines) microstructures were 
fabricated in the same GMHA hydrogel. Fluorescein-labeled BSA (2%, w/v) 
was added to all structures during fabrication for visualization. After 
fabrication, microstructures then incubated with NeutrAvidin, followed by 
biotinylated IKVAV. Following the peptide modification procedure, 
microstructures were immunostained against laminin (visualized by an 
AlexaFluor 568-tagged secondary antibody). Overlay of fluorescein (green) 
and AlexFluor 568 (red) fluorescence is shown. Image levels and contrast 
were adjusted for overlay visualization. Scale bar = 100 µm. Quantitation of 
raw images is shown on the right as plots of fluorescence counts (zeroed to 
background counts) versus distance along the blue line superimposed onto 
left image. 
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Chapter 5: Three-Dimensional Guidance of Cell Processes  

5.1 INTRODUCTION 

The development of spatially defined cultures of neurons that mimic chemical and 

physical attributes of native tissue is of considerable interest for various applications, 

including the development of tailored neuronal networks and the clinical repair of 

damaged nerves. One approach is to create patterned substrates with proteins, 

polysaccharides, and other naturally derived signaling molecules. Substrates with 

submicron features that present both chemical and topographical cues to cells in a 

controlled manner would allow for precise control over cell-material interactions. This 

chapter describes the photofabrication of 3D, bioactive microstructures within HA 

hydrogel scaffolds. 

Dissociated dorsal root ganglia (DRGs), primary Schwann cells, hippocampal 

neural progenitor cells (NPCs) and human umbilical vein endothelial cells (HUVECs) 

were cultured in these scaffolds. DRGs are a bundle of sensory neurons and their 

associated glial support cells (i.e., Schwann cells) located between the vertebrae of spinal 

cord on the dorsal side of the animal. In vivo, they act as a ‘‘bridge’’ between the central 

and peripheral nervous system, and have been a commonly used model for neurite 

extension within hydrogels [1-5]. The neural engineering community also has an interest 

in patterning Schwann cells because regenerating axons follow preceding Schwann cell 

outgrowth via an N-cadherin-mediated mechanism [6-11]. Guidance of HUVECs within 

hydrogels may be a valuable technique for engineering vasculature with a pre-designed 

architecture [12-15]. Additionally, close association of axon sprouting and new blood 

vessels has been observed both during development [16-19] and after injury [20-23]. 

Spatially patterned co-culture of endothelial cells and neurons/Schwann cells would be 
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ideal to reproduce this phenomenon in vitro as an investigational model to study the 

interplay between developing nerves and blood vessels.  

HA was selected here as a scaffold base material for cell patterning and guidance 

studies because of its essential role in the ECM of the nervous [24, 25] and vascular [26-

30] systems and capacity to be degraded by cellular enzymes [31, 32]. Although HA 

interacts with cells via surface receptors such as CD44 and RHAMM and can facilitate 

migration [24, 33-35], HA materials themselves are generally non-adhesive to mature cell 

phenotypes [28, 31, 32, 36-40]. In these cultures, non-adhesive HA-based hydrogels 

serve as biocompatible supports while microstructures displaying bioactive IKVAV-

peptides provide 3D spatial cues to direct cell adhesion and migration.  

 

5.2 MATERIALS AND METHODS 

5.2.1 Cell Culture and Immunocytochemistry 

Biotin-BSA microstructures were patterned on the surface of and within GMHA 

hydrogels and modified with adhesive peptides containing either IKVAV or YIGSR 

sequences, as described in Chapter 4. Patterned hydrogels were then seeded with cells to 

evaluate their ability to spatially pattern adhesion and direct migration. 

Schwann cells were isolated from the sciatic nerves of P1-P3 Sprague-Dawley 

rats (Charles Rivers) according to established procedures [41-43]. The matrix of the 

sciatic nerves was degraded by treatment with 250 U mL-1 collagenase (Sigma-Aldrich) 

for 30 min. at 37ºC followed by 0.25% trypsin (Sigma-Aldrich) and 0.25 U mL-1 

collagenase for an additional 30 min. at 37ºC. The remaining matrix was mechanically 

dissociated by trituration through a series of pipettes, each decreasing in diameter. The 

cells were pelleted to remove enzymes and plated on 6 cm tissue-culture treated Petri 
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dishes (approx. 10 nerves per dish). After 24 h. in culture, 10 µM cytosine arabinoside 

(Sigma-Aldrich) was added to remove fibroblasts. After 72 h. in culture, the cells were 

trypsinized to detach from the surface and pelleted. They were then re-suspended in 1 mL 

anti-CD90/Thy 1.1 IgG (1:500, Sigma-Aldrich) and incubated for 30 min. After pelleting 

again, cells were re-suspended in 1 mL rabbit complement (Sigma-Aldrich) and 

incubated for 30 min. Finally, cells were diluted with 1 mL DMEM (Sigma-Aldrich) with 

10% FBS (Invitrogen) and plated on PLL (Sigma-Aldrich)-coated Petri dishes. Cells 

were used up to passage 10 in experiments and were routinely immunostained for S100 

protein (Abcam) to confirm a Schwann cell phenotype. HUVECs were cultured as 

described in Chapter 2. 

Primary DRGs were isolated from the spinal columns of P0-P3 Sprague Dawley 

rats (Charles Rivers) as previously described [3]. Cells were dissociated by incubation 

with 0.6 U mL-1  collagenase (Sigma-Aldrich) for 30 min. and 0.025% trypsin for 15 min. 

at 37°C followed by dissociation through a series of flame-polished Pasteur pipettes. 

Cells were seeded at a density of 30,000–40,000 cells per hydrogel and cultured in 

DMEM/F12-Ham’s (Sigma-Aldrich), 10% FBS, 50 ng mL-1 NGF (Invitrogen), and      

1% penicillin/streptomycin/amphotercin B solution (Sigma-Aldrich).  

Hippocampi were isolated from Sprague-Dawley rats (E16, Charles Rivers) in 

HBSS (Sigma-Aldrich) and mechanically dissociated into single cells using flame-

polished Pasteur pipettes and plated at a density of 100,000 cells mL-1. Cultures were 

maintained in DMEM/F12-Ham’s with N2 supplement (Invitrogen), 20 ng mL-1 bFGF 

(Invitrogen), and 20 ng mL-1 EGF (Millipore). After neurospheres formed (typically 5 

days in culture), they were dissociated through flame-polished Pasteur pipettes and 

seeded at a density of 30,000–40,000 cells per hydrogel.  
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5.2.2 Immunostaining and Imaging 

Cells were fixed in 2% paraformaldehyde (Sigma-Aldrich) after 3–7 days in 

culture. For immunostaining, cells were blocked and permeabilized in 3% goat serum 

(Sigma-Aldrich), 0.03% Triton X-100 (Sigma-Aldrich), and 0.05% Tween-20 (Sigma-

Aldrich) in PBS. Primary antibodies used for DRG cultures were against S100 protein 

(1:200, Schwann cells; Dako, Glostrup, Denmark) and ß-III tubulin (1:2000, Abcam, 

Cambridge, MA). For hippocampal progenitors, antibodies against ß-III tubulin, nestin 

(1:200, Millipore), and GFAP (1:2000, Abcam) were used. Purified Schwann cell 

cultures were immunostained against S100 and HUVECs were immunostained against 

von Willebrand factor (1:400, Abcam). Secondary antibodies were purchased conjugated 

to AlexaFluor dyes (1:500, Invitrogen). DAPI (5 µg mL-1, Invitrogen) was used to 

visualize nuclei. 

Fluorescence images were acquired using either wide-field (IX70, Olympus) or 

confocal (SP2 AOBS) fluorescence microscopy. For wide-field fluorescence and phase 

contrast images, either a 10x (0.3 NA) or 20x (0.5 NA) dry objective (UPLFLN-PH, 

Olympus) was used. For confocal fluorescence images, either a 20 dry (HC PL APO, 0.7 

NA, Leica) or 40x oil (HCX PL APO, 1.25 NA, Leica) was used. All image analysis was 

performed using NIH ImageJ or Imaris (Bitplane) software. Intensity and contrast of 

fluorescence images were adjusted for clearer presentation in figures.  

 

5.3 RESULTS AND DISCUSSION 

5.3.1 Directed Outgrowth and Migration of Cells in 2D on Hydrogel Surfaces 

The ability of GMHA hydrogels containing spatially defined microstructures 

decorated with laminin-derived peptides to encourage cell attachment, growth, and 



 154 

contact guidance in three dimensions was investigated. Structures were modified with 

peptides derived from laminin (containing IKVAV or YIGSR), which encourage cell 

adhesion [44]. Typically, micropatterned stripes of immobilized laminin have been used 

as adhesive regions to spatially confine Schwann cells in culture [10, 11, 45]. In addition, 

IKVAV is known to affect the adhesion and morphology of HUVECs [46, 47]. In 

neuronal cultures, IKVAV peptides specifically promote neuronal cell adhesion and 

spreading while supporting minimal fibroblast and astrocyte adhesion [48, 49].  

In initial experiments, cell interactions with protein microstructures confined to 

two dimensions on the surfaces of GMHA hydrogels were investigated. Using the three-

axis PZT (as described in Chapter 4), microstructures on the surface of GMHA hydrogels 

were fabricated in raster-scan patterns having 2–10 µm spacings between lines (Figure 

5.1B, Figure 5.2A-C, Figure 5.3, Figure 5.4 and Figure 5.5) or concentric squares 

spaced 2 µm apart (Figure 5.1A and Figure 5.2D) so that each pattern covered an 

average total area of 0.04 mm2. HUVECs (Figure 5.1), purified Schwann cells (Figure 

5.2), hippocampal NPCs (Figure 5.3), and dissociated DRGs (Figure 5.4 and Figure 5.5) 

were then cultured on these structures. Microstructures were modified with IKVAV 

peptides, which are known to positively influence adhesion of neurons [48, 50], Schwann 

cells [10, 45] and endothelial cells [46, 47]. For all cell types investigated as described 

above, cell adhesion was confined to protein microstructures and cells were rarely seen 

migrating from the protein structures onto the hydrogel over four days in culture. For 

example, the Schwann cells (Figure 5.2) and HUVECs (Figure 5.1B) turned at right 

angles to follow the IKVAV-modified protein structure rather than crossing onto the 

hydrogel. 

Dissociated DRGs cultured on patterns modified with IKVAV extended processes 

confined along individual microstructure features within four days of culture (Figure 5.4 
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and Figure 5.5). Notably, Schwann cells from primary DRGs generally attached and 

spread better than the purified, sciatic nerve-derived Schwann cells, possibly because of 

phenotypic drift during cell culture and expansion. Cell phenotypes were identified by 

co-immunostaining for S100 protein, a Schwann cell marker, and ß-III tubulin, a 

neuronal marker. A nuclear counterstain (DAPI) was used to confirm the presence of 

cells (Figure 5.4). On structures with tethered IKVAV peptides, cells attached to 71% of 

structures and spread processes on 72% of these structures after 3 days of culture (n = 45) 

(Table 5.1, Figure 5.4 and Figure 5.5). Typically, little cell spreading was observed until 

at around 48 h. in culture, which is not unusual for cells cultured on relatively soft, 

typically non-adhesion GMHA hydrogels [51, 52].  

On identically fabricated structures of biotin-BSA only or biotin-BSA incubated 

with NeutrAvidin only (no peptide), cell adhered on 39% and 64% of structures, 

respectively (Table 5.1 and Figure 5.5B,C). On biotin-BSA only structures, 33% of 

adhered cells were observed to spread (n = 23) (Table 5.1 and Figure 5.5C).  However, 

only 63% of the cells adhered to NeutrAvidin structures without peptide spread processes 

(n = 25) (Table 5.1 and Figure 5.5B). No cell spreading was observed on GMHA 

hydrogels where there were no protein structures. Cell adhesion was sometimes observed, 

but adhered cells remained rounded.  

As anticipated based on previous reports [1, 48, 50, 53, 54], glia and neurons 

appeared responsive to the chemical cues provided by the IKVAV peptide; however, 

some biotin-BSA microstructures not modified with NeutrAvidin and biotinylated 

IKVAV were able to provide guidance (~30% of the time, Table 5.1 and Figure 5.5C), 

indicating that the physical nature of the protein structures used in these studies presented 

topographical directional cues. This result is consistent with previous reports that 

multiphoton-photofabricated BSA microstructures on glass do provide some degree of 
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guidance to cells [55-57]. Pins, et al. [56] reported that although cell guidance was 

observed on both ECM-based and BSA photofabricated structures, focal adhesions 

between cells and BSA microstructures were not observed. Instead, focal adhesions were 

only observed in cells seeded on ECM-based structures. Thus, guidance on BSA 

structures is likely through relatively weak cell-microstructure interactions [56]. 

Guidance by unmodified biotin-BSA structures may also be in response to microstructure 

topography rather than through integrin-based interactions. As the HA hydrogel itself is 

generally non-adhesive [31, 32, 36, 37, 40] and no specific cues (i.e., proteins or 

peptides) are available for attachment, cells may have no other option but to non-

specifically adhere to biotin-BSA microstructures. It follows that cell spreading along 

biotin-BSA microstructure patterns was likely because of topographical guidance 

mechanisms rather than explicit adhesive chemical signals [4, 55, 56, 58-61]. 

Interestingly, cells adhered to NeutrAvidin-only structures supported 

approximately twice as much cell adhesion as those with BSA only, but still less than 

those modified with IKVAV (Table 5.1 and Figure 5.5B). However, guidance by 

NeutrAvidin or BSA microstructures was not observed when cultured on glass      

(Figure 5.6). Because the hydrogels are non-adhesive, the cells seeded onto hydrogels 

may be more likely to adhere to the protein microstructures than those seeded onto glass. 

It may be that microstructures without IKVAV are adhesive enough to permit cell 

adhesion on the hydrogels, but not enough to encourage adhesion over glass. In addition, 

it appears that IKVAV is required for true guidance (as seen when microstructures are 

cultured on glass, Figure 5.6) and spatial patterning of the cells onto structures without 

IKVAV on hydrogels may be simply because of adhesion rather than guidance.  

Hippocampal NPCs behaved similarly to DRGs, adhering to and aligning along 

YIGSR-modified structures on the surface of HA hydrogels (Figure 5.3). NPCs were 
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isolated from the hippocampi of E16 Sprague-Dawley rats and cultured in suspension in 

the presence of mitogens as aggregates of multipotent progenitors known a neurospheres. 

For differentiation, neurospheres were dissociated into single cells, seeded onto an 

adhesive substrate, and then cultured in the absence of mitogens. These NPCs then have 

the potential to differentiate into neurons or glia. When cultured on HA hydrogels with 

biotinylated YIGSR-modified microstructures for 3–4 days, the majority of cells 

immunostained for nestin, a marker for undifferentiated NPCs, as expected from the 

literature for culture periods of less than 5 days [62]. At this early time point, most cells 

had reaggregated into neurosphere-like clusters, displaying an undifferentiated 

morphology. Nevertheless, a few cells extended processes that had aligned along 

microstructures.  

After 6 days in culture, although aggregated cells still expressed nestin, all cells 

that were aligned with the protein structures expressed the neuronal marker ß-III tubulin, 

indicating differentiation into mature neurons (Figure 5.3). Notably, no cells expressing 

the astrocytic marker GFAP were observed anywhere on the hydrogels or protein 

microstructures. This result is in contrast to more traditional cultures on hard surfaces 

such as tissue culture–treated polystyrene, where the majority of NPCs express GFAP 

after six days [62]. As such, these materials show promise for both in vitro and in vivo 

applications where direction of progenitor differentiation toward mature neurons over 

glial cells is desired.  

This result may derive from the mechanical properties of GMHA hydrogels, as 

they exhibit low shear moduli (155 ± 28 Pa) [31], which are comparable to those of 

native brain (125 ± 40 Pa) [63]. It has been previously reported that low numbers of 

astrocytic phenotypes are observed in cultures on substrates displaying similarly low 

shear moduli [62-66]. In addition, there is a significant presence of HA in the developing 
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brain that decreases by maturity [67] and an upregulation of the CD44 receptor for HA in 

some types of NPCs in culture [68] both of which may lead to greater progenitor 

differentiation into neurons on GMHA hydrogels than on glass. In contrast to postnatal 

DRGs, NPCs adhered directly to GMHA hydrogels as neurosphere-like aggregates, with 

neurite-like processes extending radially from the aggregates even in the absence of 

protein structures. This behavior is likely because of the enhanced capacity of NPCs to 

interact with HA via CD44 receptors when compared to mature cells [67, 68]. 

 

5.3.2 Directed Outgrowth and Migration of Neuronal Cells in 3D into Hydrogels 

To create microstructures appropriate for 3D guidance through hydrogels, biotin-

BSA was photocrosslinked using the dynamic masking approach to form spiral 

architectures extending 20–40 µm beneath the surface of the gel (Figure 5.7). Typically a 

grid pattern was fabricated on the hydrogel surface to promote initial cell adhesion, from 

which spiral microstructures extended into the hydrogel (Figure 5.7, top panels). 

Following modification with biotinylated IKVAV via NeutrAvidin, microstructures on 

the surfaces of GMHA hydrogels were seeded with dissociated DRGs. After 5–7 days in 

culture, cells were fixed, immunostained for ß-III tubulin (specific for neurites) and S100 

protein (Schwann cells), and counterstained with DAPI (nuclei). Images acquired using 

confocal microscopy and reconstructed as volume renderings demonstrate 3D guidance 

of the cells into the hydrogels down the length of the protein structures (Figure 5.8). 

Cells were observed to migrate down from the grid pattern on the hydrogel surface and 

along the protein spiral through two successive turns (Figure 5.8B). Moreover, cell 

nuclei were clearly co-localized with fluorescein-labeled biotin-BSA microstructures 

(Figure 5.8B). 
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In a more complex architecture for guiding cells, four interspersed BSA helices 

were fabricated within a GMHA hydrogel, with each helix originating from opposing 

corners of a square on the gel surface (Figure 5.8A,C). 3D ‘‘isosurface’’ renderings 

using Bitplane Imaris software demonstrate that neurites traveled along helices on 

multiple axial planes, suggesting this technique is capable of high spatial resolution for 

cell guidance in the axial dimension (< 5 µm) (Figure 5.8C). Co-immunostaining for 

S100 and ß-III tubulin revealed that Schwann cell outgrowth typically preceded neurite 

outgrowth and neurons were not found to extend processes along structures 

independently of Schwann cells (Figure 5.4 and Figure 5.8A). This result is consistent 

with studies showing that Schwann cells serve as guidance substrates for neurites both in 

vitro [10, 11] and in vivo [6, 7, 45]. 

Although BSA microstructures embedded in GMHA hydrogels showed no 

significant change in size or shape for periods of at least 1 week when stored in 

physiologic conditions, adherence of cells for periods of greater than 3 days sometimes 

resulted in visible distortion of protein scaffolds (in about a quarter of the cases). Others 

have reported that multiple cell types produce proteases in the presence of serum-

containing medium that specifically remodel regions of patterned BSA within 24 h. of 

seeding [69]. In addition, motile cells are known to generate substantial forces as 

cytoskeletal elements reorganize during migration that can alter the structure of soft, 

tissue-like substrates [70-72]. Because the GMHA hydrogels used in these studies have 

low shear moduli, they provide little resistance to such cellular forces, likely allowing 

protein microstructures to shift in response to changes in cell shape. Notably, we did not 

observe scaffold distortions when microstructures fabricated on glass coverslips were 

exposed to dissociated DRG cells for periods of up to six days (Figure 5.6), suggesting 

that it may be advantageous to use more highly crosslinked, stiffer GMHA hydrogels as 
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scaffold supports, particularly for applications where protein pattern integrity over long 

cell culture periods is desired. 

 

5.4 Conclusions and Future Directions 

Here, a 3D cell-guidance strategy based on multiphoton fabrication of protein-

based microstructures is described. Combinations of chemical and in vivo topographical 

cues, similar to those experienced by nerve cells during development, previously have 

been shown to strongly influence growth cone guidance in vitro [4, 58-61]. Protein 

microstructures modified with laminin-derived peptides were able to guide neurons and 

Schwann cells along 3D, user-defined paths. In future studies, these patterned materials 

will be implanted in models of spinal cord injury to evaluate their ability to guide axons 

in vivo. Endothelial cell adherence and migration could also be guided in three-

dimensions, demonstrating the potential of these materials to create spatially defined 

vasculature in vitro. 
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Table 5.1 DRG Cells Adhered to IKVAV-Modified Microstructures  
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Figure 5.1 HUVECs on IKVAV Microstructures on Hydrogels. IKVAV-modified 
structures were fabricated on the surface of GMHA hydrogels in a pattern of 
concentric squares (outer square side length is 200 µm, each inner square 
decreased in side length by 2 µm, total of 49 squares (A) or in a raster 
pattern (150 µm long lines spaced 5 µm apart (B). HUVECs adhered to and 
migrated along microstructures within three days of culture. Fluorescence 
images are immunostaining against von Willebrand factor (red) and 
counterstaining nuclei with DAPI (blue). Scale bars = 50 µm. 
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Figure 5.2 Schwann Cells on IKVAV Microstructures on Hydrogels. Schwann cells 
seeded on IKVAV-modified, biotin-BSA microstructures fabricated in a 
pattern of concentric squares (outer square side length is 200 µm, each inner 
square decreased in side length by 2 µm, total of 49 squares) or in a raster 
pattern (150 µm long lines spaced 5 µm apart) on the surface of HA 
hydrogels adhere to and migrate along microstructures within 3 days of 
culture. Fluorescence images are immunostaining against S100 protein (red) 
and counterstaining nuclei with DAPI (blue).  
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Figure 5.3 NPCs on YIGSR Micostructures on Hydrogels. NPCs cultured for six days 
onto YIGSR-modified biotin-BSA microstructures (in a raster pattern with 
200 µm long lines spaced 2 µm apart). Structures were fabricated on a 
GMHA hydrogel surface. Overlay of phase contrast image before fixation 
and immunofluorescence of the neuronal marker ß-III tubulin (green) after 
fixation. Scale bar = 100 µm. 
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Figure 5.4 DRGs on IKVAV Microstructures on Hydrogels. Biotin-BSA microstructures 
fabricated in raster patterns with 150 µm long lines spaced 10 µm apart    
(30 lines) on the surface of a GMHA hydrogel. Schwann cells (S100 
protein, red, middle left panel) and neurons (ß-III tubulin, green, middle 
right panel) were identified. Cell nuclei were counterstained with DAPI 
(blue, top right panel). Top left panel is a phase contrast image of the same 
area shown in the fluorescence images. Bottom left panel is an overlaid 
image of all three immunofluorescence images. Scale bar = 100 µm. 



 166 

 

Figure 5.5 Microstructure Guidance of Neuronal Cells on Hydrogels.  Dissociated DRGs 
cultured on protein microstructures fabricated raster patterns with 150 µm 
long lines spaced 10 µm apart (30 lines) on the surface of a GMHA 
hydrogel. Protein microstructures were fabricated from biotin-BSA and used 
for culture either modified with IKVAV peptides via NeutrAvidin binding 
(A), incubated with NeutrAvidin and no peptide (B), or unmodified (C). 
Scale bars = 50 µm. 
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Figure 5.6 DRGs on Microstructures Adsorbed to Glass Surfaces. DRGs cultured on 
collagen-coated glass are shown in A. biotin-BSA protein microstructures 
were used for culture either directly (unmodified, B), incubated with 
NeutrAvidin and no peptide (C), or modified with IKVAV peptides via 
NeutrAvidin binding (C). Overlays of immunofluorescence images are 
shown to the right of corresponding phase contrast images. Cultures were 
immunostained to identify Schwann cells (S100, red) and neurons (ß-III 
tubulin, green). Scale bars = 100 µm or 200 µm as noted. 
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Figure 5.7 Protein Helices Fabricated Using a DMD within Hydrogels. 3D 
reconstructions of confocal microscope images of helices (400 mg mL-1 
BSA, 2% w/v fluorescein-labeled BSA, 2 mM MB) fabricated inside an HA 
hydrogel using the DMD setup. Views are shown top-down from the 
hydrogel surface (top right panel), and from the side (axially, bottom 
panels). Gridded boxes have dimensions of 190 µm x 200 µm x 53 µm with 
divisions marking every 10 µm. 3D volume reconstruction (created in 
ImageJ) of two-dimensional masks used to fabricate helices is shown in 
upper left panel. Reflective (i.e., white) circles composing helices have 
diameters of 9 µm, while the diameter of each helix is 50 µm. Square on the 
surface has side lengths of 40 µm. Each spiral descends 15 µm per turn and 
three turns were made per pattern. 
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Figure 5.8 3D Guidance of DRGs by Microstructures inside Hydrogels. Confocal 
microscopy of dissociated DRGs cultured for four (A, C) or six (B) days on 
IKVAV-modified biotin-BSA helices. Scale bars = 50 µm. A) Four 
interspersed helices fabricated within a GMHA hydrogel, with each helix 
originating from opposing corners of a square (not fabricated) on the 
surface. Helices were 75 µm in diameter and extended 15 µm downward 
into hydrogels. Immunofluorescence shows S100 (red), ß-III tubulin (green) 
and DAPI (blue). Top left image represents the hydrogel surface and 
successively deeper planes are shown proceeding from left to right, 
continuing on the next row. Bottom right panel displays 3D reconstruction 
of the entire image stack. B) DRG nuclei were stained with DAPI (blue) and 
2% w/v fluorescein-labeled BSA (green) was incorported into 
microstructures (fabricated as in Figure 5.7). Top image was acquired at the 
hydrogel surface and successively deeper planes are shown in the two 
images below (~700 nm between images). C) 3D isosurface representation 
(Imaris) of A. Arrows indicate examples of neurites clearly migrating into 
the hydrogel in 3D space.  
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Chapter 6: Photofabrication of Functional Microstructures 

6.1 INTRODUCTION 

Proteins and polysaccharides in the ECM exhibit specific patterns in vivo that 

provide spatial cues to cells through selective adhesion and guidance, particularly during 

development and after injury [1, 2]. In vitro culture systems mimicking the native ECM 

architecture, both in spatial organization and topography, would be an improvement over 

current technologies for experimentally elucidating the mechanisms and effects of spatial 

cues from the ECM [3-5]. Electrical cues also have significant effects on neuronal 

differentiation and nerve repair [6, 7]. Previously, Dr. Schmidt's lab has shown that 

neurons cultured on substrates presenting some combination of chemical, topographical, 

and electrical cues extend more and longer axons [8-10].  

This chapter describes methods based on MPE for the direct-write of ECM 

components, including proteins and polysaccharides, as cell substrates with spatially 

defined topographical and chemical cues. Functionalization of protein microstructures 

with gold nanoparticles, as a step toward creating scaffolds with 3D patterns of 

conductive cues, is also described. MPE is advantageous over single-photon excitation 

because it confines photochemical processes to a submicron (~1 fL), 3D voxel. Using 

MPE, biomacromolecules can be photocrosslinked through photooxidizable amino acid 

side chains, resulting in a variety of amino acid dimers [11-15]. The resulting hydrogel-

like microstructures exhibit 3D features as small as 200 nm [16-25]. Furthermore, 3D 

patterns of these microstructures can be immobilized within optically transparent 

hydrogels, which have considerable potential as implants for regenerative therapies [25].  

MPE techniques have shown significant potential to create substrates with 

spatially defined, high-resolution topographies of ECM proteins [16, 26-29]. Protein 
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microstructures photofabricated using MPE have been shown to retain their 

functionalities [16, 20, 26, 27, 29, 30], including enzymatic (e.g., alkaline phosphatase 

[30]), biochemical recognition (e.g., avidin-biotin binding [16, 20] and collagenase 

cleavage of collagen [27]), and cell adhesive (e.g., fibroblasts to fibronectin [28, 29] and 

neurons to laminin [16]) activities. In this chapter, MPE-mediated photocrosslinking of 

the cell adhesion proteins, fibrinogen and laminin, the enzyme lysozyme and avidin. 

Microstructures containing fibrinogen [28, 29], laminin [16], lysozyme [19] and avidin 

[18] have been previously fabricated using MPE. Here, further characterization of these 

microstructures and the adaptation of these methods to create 3D patterns within 

hydrogels are described. 

As with ECM proteins, patterning of ECM polysaccharides are also important 

during development. For example, developing fetal cells migrate along HA-rich tracts   

[1, 31, 32]. Typically, patterned HA surfaces have been designed to discourage cell 

adhesion in defined areas [33-39]. Contacts between adhered cells and adjacent non-

adhesive HA regions may affect cell migration speed and support certain phenotypes 

(i.e., stem cells and endothelial cells) [34, 36, 37, 40]. However, the patterning techniques 

used in previous studies (e.g., microcontact printing [35, 40] and photofabrication 

through a mask [33, 34, 36, 37, 39]) lacked the ability to create complex patterns with 

sub-cellular resolution, which may be required to precisely control cell behavior. In this 

chapter MPE of covalently added methacrylate moieties is photofabricate GMHA 

matrices with sub- to low-micron resolution.  
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6.2 MATERIALS AND METHODS 

6.2.1 Methacrylation of HA 

For photofabrication of HA-based microstructures using MPE, photocrosslinkable 

methacrylate groups were covalently added to both low molecular weight (~50 kDa, 

Lifecore Biomedical, Chaska, MN) and high molecular weight (~1500 kDa) GMHA. 

Specifically, glycidyl methacrylate (Sigma-Aldrich) and triethylamine (ThermoFisher 

Scientific, Pittsburgh, PA) were added (3.6 mL of each) to 1% (w/v) HA in distilled, 

deionized water (50 mL) and allowed to react overnight to yield low molecular weight 

GMHA. The product was purified by dialysis against water for at least 72 h. (10 kDa  

cut-off tubing, Spectrum Laboratories). 1H-NMR was performed to determine the degree 

of methacrylation of the product (defined as the ratio of methacrylates to HA 

disaccharides) (Figure 6.1) [41-43]. High molecular weight GMHA was synthesized as 

described in Chapter 2.  

As a base polymer for bulk HA hydrogels, high molecular weight GMHA   

(~1500 kDa) was synthesized and photocrosslinked into hydrogels under UV light using 

1% (w/v) I2959 (Ciba Specialty Chemicals) and 0.3% VP (Sigma-Aldrich), as described 

in Chapter 2 (Figure 2.1). PEG hydrogels were also photocrosslinked under UV light        

(4 min., centered at 365 nm, 10 mW cm-2) from a solution of 100 mg mL-1 PEG diacrylate 

(10 kDa, SunBio Pharmaceuticals, Korea) and 1% I2959. 

 

6.2.2 Photofabrication of Biomacromolecule Microstructures  

Instrumental set-up for photofabrication was the same as described in Chapter 4 

(Figure 4.1A). Of those evaluated, the optimum photocrosslinking conditions for HA 

microstructures were found to be 100–150 mg mL-1 low molecular weight GMHA in PBS 
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(pH 7.4) with 10–15 mM FAD (Sigma-Aldrich) using laser intensities between             

5.2 x 1011 and 1.6 x 1012 W cm-2 (40x, 0.75 NA objective, Olympus UPlanFl) at scan 

speeds of 50–100 µm s-1. Within this optimum range, stable microstructures could be 

readily created without any apparent heating or bubble formation. In addition to FAD, 

several photosensitizers were investigated: I2959, Irgacure 184 (I184, Ciba Specialty 

Chemicals), isopropylthioxanthoe (ITX, ThermoFisher Scientific), camphorquinone (CQ, 

ThermoFisher Scientific), eosin Y, MB (ThermoFisher Scientific), and rose bengal (RB, 

ThermoFisher Scientific). VP and triethanolamine were investigated for its ability to 

increase the efficiency of radical-mediated reactions. Photosensitizer formulations tested 

were limited to those previously reported to be cytocompatible [44-46]. For non-water 

soluble initiator formulations (i.e., those containing I184 and ITX), experiments were 

performed in a 1:1 solution of PBS:ethanol. All other formulations for photocrosslinking 

GMHA were carried out in PBS. It was confirmed that photocrosslinking occurred via the 

methacrylate groups attached to GMHA, as no photocrosslinking occurred in solutions of 

unmethacrylated HA (both low and high molecular weight) and photosensitizer. 

For proteins, concentrations of 100–400 mg mL-1 were used for 

photocrosslinking. Protein structures could be photofabricated using peak laser intensities 

ranging from 4 x 1011 to 2 x 1012 W cm-2 and scan speeds of 50–200 µm s-1. For 

fabrication of BSA/laminin (Sigma-Aldrich) composities, fibrinogen (Sigma-Aldrich), 

lysozyme (Sigma-Aldrich), and avidin (Invitrogen) structures, optimal intensities were 

6.0 x 1011, 1.2 x 1012, 8.0 x 1011, and 1.2 x 1012 W cm-2, respectively. FAD was used as a 

photosensitizer for all proteins except for lysozyme, in which case MB was used. All 

protein/photosensitzer solutions were in PBS, except for lysozyme, which was in 

distilled, deionized water because of solubility issues in buffer. Laminin/BSA composite 

structures were immunostained with anti-laminin (Sigma-Aldrich) diluted to 1:500 
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(incubated for 2 days at 4°C), followed by a secondary antibody (AlexaFluor 568-

conjugated goat anti-rabbit IgG, 1:500; Invitrogen) for visualization (incubated for 1 day 

at 4°C). 

Gold nanoparticles adsorbed with BSA or tethered to biotin (Nanoprobes, 

Yaphank, NY) were immobilized onto lysozyme and avidin microstructures, respectively, 

as previously described [18, 19]. In brief, lysozyme structures in PEG hydrogels or avidin 

structures in GMHA hydrogels were incubated with nanoparticles, used as received, for 

10 min. in 2 mM borate buffer. Hydrogels were then rinsed overnight in water, changing 

the solution at least twice. A gold enhancement solution (Nanoprobes) was applied to the 

rinsed structures for ~20 min. to catalytically reduce gold onto nanoparticle seeds. 

Finally, hydrogels were rinsed in water overnight. Microstructures appeared black under 

DIC after gold enhancement.  

 

6.3 RESULTS AND DISCUSSION 

6.3.1 Photofabrication of GMHA Microstructures  

Several common photoinitiators and photosensitizers were evaluated for their 

ability to promote the MPE-mediated photofabrication of GMHA microstructures   

(Table 6.1). As a starting point, the formulations used for UV-induced photocrosslinking 

(single-photon) of high molecular weight GMHA hydrogels, as described in Chapter 2, 

were evaluated for multiphoton photofabrication of high molecular weight GMHA 

microstructures (5–20 mg mL-1 GMHA with 1–10 mg mL-1 I2959 and 1–3 µL mL-1 VP). 

MPE-induced photocrosslinking was not observed with any combination of I2959/VP 

formulation, laser wavelength, or peak laser intensity tested. Solutions of pure HA or 
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GMHA (in the absence of photoinitiators or photosensitizers) also showed no change 

when scanned with the laser. 

Several other initiator systems commonly used for methacrylate photocrosslinking 

in biocompatible systems were then tested (Table 6.1).  Of these initiators, only ITX, 

eosin Y, and I184 have been reported to exhibit efficient two-photon absorption [47, 48]. 

In these studies, MPE-initiated photocrosslinking was only observed using a formulation 

of eosin Y, VP and TEA previously reported to initiate the single-photon-induced 

crosslinking of methacrylated HA into hydrogels (5 mL of 0.5% (w/v) in VP and 50 µL 

of 5 M TEA in PBS per mL of GMHA solution in PBS) [41]. However, microstructures 

fabricated using this protocol were inconsistent and not robust (Figure 6.2A). 

Additionally, the minimum threshold for photocrosslinking was relatively high            

(1.3 x 1012 W cm-2) and cavitation bubbles, indicating plasma formation [49], regularly 

occurred at this threshold, making the photocrosslinking process difficult to control. 

Often, the same photoinitiators or photosensitizers used for single-photon 

excitation-induced photocrosslinking are not efficient MPE absorbers, as the peak 

absorption energies for MPE and single-photon excitation are often different for a single 

compound [50]. Several compounds with efficient multiphoton absorption, and 

commonly used for protein matrix photofabrication (i.e., MB, FAD, and RB) [16-25], 

were evaluated as photosensitizers for HA matrix fabrication (Table 6.1). MPE-mediated 

photosensitization of RB or FAD (740 nm), in the presence of high molecular weight 

GMHA, resulted in more robust microstructures than obtained using the Eosin Y/ 

TEA/VP formulation (Figure 6.2B,C). However, these high molecular weight GMHA 

microstructures were still fragile and, unlike protein microstructures, they did not adsorb 

to the underlying glass substrate well enough to survive even gentle rinsing in buffer. 

Lack of adsorption of GMHA microstructures was likely because of HA's extreme 
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hydophilicity, negative charge at neutral pH, and resistance to protein adsorption [33-38, 

40, 42, 51-53]. The fragility of high molecular weight GMHA microstructures may be the 

result of the low concentration of GMHA in the precursor solution, as the viscous nature 

of high molecular weight GMHA prevented its dissolution at concentrations greater than 

20 mg mL-1, approximately five-fold less than that required for fabrication of protein 

microstructures. The high viscosity may have also hindered sufficient mixing of high 

molecular weight GMHA and photosensitizers. 

With decreasing HA molecular weight, solution viscosity decreases and solubility 

increases [43] so that low molecular weight GMHA (~50 kDa) could be concentrated up 

to 150 mg mL-1 in aqueous buffer. Of note, low molecular weight GMHA was            

16% methacrylated, 5% greater than that of high molecular weight GMHA, even though 

both were methacrylated using the same mass concentration. This higher degree of 

modification is mostly likely a result of the lower viscosity of the 50 kDa HA allowed for 

better mixing during the reaction [43]. Using at least 100 mg mL-1 low molecular weight 

GMHA and 6–13 mM FAD, more robust microstructures than possible with the high 

molecular weight GMHA could be consistently fabricated within a range of laser 

intensities (5.0 x 1011–1.6 x 1012 W cm-2, Figure 6.3 and Figure 6.4). However, these 

microstructures were still unable to withstand rinsing in buffer to remove unreacted 

components.  

To better tether low molecular weight GMHA microstructures to glass coverslips, 

microstructures were fabricated on glass coated with positively charged PLL to 

encourage microstructure adsorption via electrostatic interactions (Figures 6.3). 

Alternatively, secondary BSA microstructures were fabricated on top of low molecular 

weight GMHA, in a perpendicular orientation relative to initial microstructures, as a 

possible means to anchor the GMHA structures to the surface (Figure 6.4). Each of these 
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methods increased the retention of low molecular weight GMHA microstructures on 

glass surfaces, but not longer than a few hours (Figure 6.3A,B and Figure 6.4). 

However, when BSA was added to the low molecular weight GMHA precursor solution 

to create hybrid microstructures, stability on glass substantially increased               

(Figure 6.3C,D). Future studies will investigate fabrication of pure low molecular weight 

GMHA microstructures on acrylate-modified glass to covalently tether microstructures 

and more thorough characterization of low molecular weight GMHA/BSA hybrid 

structures. 

 

6.3.2 Fabrication of ECM Protein Microstructures  

Fibrinogen is cleaved after injury to create a fibrin matrix, which serves as a 

blood clot and temporary scaffold for cells during wound healing [54]. Fibrinogen is cell 

adhesive and contains the integrin-binding RGD sequence [55]. Pins, et al. [29] have 

previously reported using a pulsed, Ti:S laser (800 nm, peak intensities between 

approximately 3 x 1011 and 5 x 1011 W cm-2) to MPE photofabricate fibrinogen 

microstructures using MPE from 1 mg mL-1 protein and 1 mM RB. This exact procedure 

[29] could not be reproduced with the instrumentation used in current studies; however, 

fibrinogen microstructures were successfully fabricated by increasing the fibrinogen 

concentration to 4 mg mL-1 and increasing the peak laser intensity to between                   

8 x 1011 W cm-2 and 1 x 1012 W cm-2 (Figure 6.5). Both RB and FAD could be used as 

photosensitizers, although FAD may be preferable for cell substrates fabrication because 

it is a native tissue component. The large molecular weight and fibrillar conformation of 

fibrinogen (~300 kDa) [56] make it insoluble at concentrations greater than 

approximately 5 mg mL-1, resulting in less robust structures than those fabricated from 

more concentrated protein solutions (e.g., BSA at 200 mg mL-1). Composite structures of 
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fibrinogen and BSA would likely increase microstructure strength and ease of fabrication 

[28]. 

Microstructures containing laminin, as previously described by the Shear lab [16], 

were also photocrosslinked using MPE. Here, new investigations to confirm the final 

laminin content in photofabricated microstructures and adaptation of extension of these 

microstructures into 3D hydrogels are described. Laminin, an ~840 kDa, basement 

membrane protein [57, 58], could not be dissolved at concentrations sufficient for MPE-

mediated photofabrication. Instead, a mixture of BSA (~98%, w/v) and laminin (~2%, 

w/v) was used to create composite microstructures. Microstructures with 3D geometries 

were achieved by photofabrication within bulk high molecular weight GMHA hydrogels, 

as described for BSA and avidin microstructures in Chapter 4. Immunostaining with a 

polyclonal antibody against laminin confirmed the presence of laminin in BSA/laminin 

composite microstructures (Figure 6.6). Negative controls (BSA microstructures without 

laminin) confirmed specificity of the antibody for laminin. In addition, a low background 

signal was observed after immunostaining, demonstrating that GMHA hydrogels are 

generally resistant to protein adsorption [38, 40, 51] and porous enough to allow for 

sufficient diffusion of large biological molecules within a few hours. 

 

6.3.3 Modification of Microstructures with Gold Nanoparticles 

Conductive microstructures are of interest in the area of nerve regeneration, where 

combinations of electric-field stimulation, chemical cues, and topography have positive 

effects on neurite outgrowth [8-10]. Microstructures of lysozyme and avidin fabricated 

using MPE can be modified with gold nanoparticles to yield conductive microstructures 

on glass coverslips [18, 19]. With the goal of creating conductive structures as scaffolds 



 186 

amenable to tissue engineering applications, lysozyme and avidin were photofabricated 

within 3D hydrogels and subsequently modified with gold nanoparticles.  

As lysozyme is known to degrade many biomacromolecules, including 

polysaccharides [59], GMHA hydrogels soaked with lysozyme were quickly degraded so 

that photofabrication of structures within them was impossible. Instead, synthetic, non-

biodegradable PEG hydrogels were used for 3D photofabrication of lysozyme       

(Figure 6.7). PEG hydrogels containing lysozyme structures were incubated with BSA-

absorbed gold nanoparticles, developed to deposit more gold onto the nanoparticle seeds, 

and imaged using scanning electron microscopy (SEM) [19]. On glass coverslips, BSA-

coated nanoparticles adsorb to lysozyme structures, based on electrostatic interactions [9] 

between BSA (pI ~ 4.8) [60] and lysozyme (pI ~ 11.4) [61]. However, SEM images 

demonstrated that nanoparticles incubated with lysozyme structures in PEG hydrogels 

adsorbed not to lysozyme, but to the hydrogels (Figure 6.7C-F).  

As an alternative, avidin microstructures fabricated in bulk, high molecular 

weight GMHA hydrogels were modified with biotinylated gold nanoparticles (similar to 

previously described procedures [18]) (Figure 6.8). Despite some background adsorption 

possibly because of electrostatic interactions between avidin and GMHA (pIavidin ~ 10.5 

[62], pIHA ~ 2.5 [63]), gold deposition localized mainly to avidin microstructures. Future 

studies will investigate measurements of the conductivity of these 3D microstructures.  

 

6.4 CONCLUSIONS AND FUTURE DIRECTIONS 

MPE techniques can be used with multiple proteins, including ECM components, 

as a means to create cell substrates that present a combination of chemical, topographical, 

and possibly electrical cues. Furthermore, these microstructures can be patterned within 

bulk HA hydrogels to create 3D cell scaffolds. The large molecular weight of most native 
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ECM components, including HA, fibrinogen, and laminin, hinders their solubility at high 

concentrations. Using smaller molecule variants (such as 50 kDa GMHA) or including 

concentrated BSA in solution with the native component can substantially increase the 

ease of photocrosslinking and robustness of microstructures [16, 28]. Incorporation of 

whole ECM components into microstructures may have advantages over decoration of 

microstructures with short adhesive peptides (described in Chapter 4), such as the 

presentation of multiple adhesive regions that exhibit synergistic effects on cell adhesion 

[64-66]. However, the exploitation of avidin-biotin interactions to tether multiple 

bioactive peptides to a single structure, as described in Chapter 4, involves simpler, well-

established methods [67, 68]. Additionally, avidin microstructures modified with gold 

may be able to provide spatially defined electrical stimulation to cells. Future studies will 

include characterization of microstructures in 3D hydrogels (e.g., to confirm 

conductivity). 
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Table 6.1 Single- and Two-Photon Absorbance of Photoinitiators. 
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Figure 6.1 1H-NMR Spectra of Low Molecular Weight HA. A) Unmodified HA (50 kDa) 
B) Methacrylate-modified HA (GMHA, 50 kDa, 16% modification). 
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Figure 6.2 High Molecular Weight GMHA Microstructures. A) GMHA (1500 kDa) 
microstructures fabricated from 10 mg mL-1 using the formulation of     
eosin Y, TEA, and VP (5 mL of 0.5% (w/v) in VP and 50 µL of 5 M TEA in 
PBS per mL of GMHA solution in PBS), as described by Smeds, et al. [41] 
at a peak laser intensity of 1.3 x 1012 W cm-2 scanned at 50 µm s-1. B) High 
molecular weight GMHA microstructures fabricated from 10 mg mL-1 
GMHA using 2 mM RB at a peak laser intensity of 3.2 x 1011 W cm-2. C) 
High molecular weight GMHA microstructures fabricated from 10 mg mL-1 
GMHA using 12 mM FAD with an intensity of 3.2 x 1011 W cm-2.          
Scale bars = 50 µm. 
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Figure 6.3 Low Molecular Weight GMHA Microstructures. All microstructures were 
fabricated inside PLL-coated glass capillaries from 140 mg mL-1 GMHA  
(50 kDa) using 12 mM FAD at a peak laser intensity of 8.0 x 1011 W cm-2. 
Microstructures in A and B were fabricated from GMHA only, while those 
in C and D were fabricated from GMHA and 100 mg mL-1 BSA. B and D 
represent the same microstructures in A and C, respectively, after rinsing in 
buffer post-fabrication. Scale bar = 50 µm. 
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Figure 6.4 GMHA Microstructures Anchored with BSA Microstructures. Microstructures 
were fabricated from 130 mg mL-1 GMHA (50 kDa) and 6 mM FAD at a 
laser intensity of 8.0 x 1011 W cm-2 (square spirals). After rinsing out 
fabrication solution, structures of BSA (100 mg mL-1) with 6 mM FAD were 
fabricated as short lines (perpendicular to GMHA structures) to anchor low 
molecular weight GMHA structures to glass. B represents the same 
microstructures in A after rinsing in buffer post-fabrication.                   
Scale bars = 50 µm. 
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Figure 6.5 Fibrinogen Microstructures. Microstructures spelling "fibrin" fabricated from 
4 mg mL-1 fibrinogen and 6 mM FAD at a peak laser intensity of               
1.2 x 1012 W cm-2. Scale bar = 30 µm. 
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Figure 6.6 Laminin and BSA Microstructures in GMHA Hydrogels. Wide-field 
fluorescence images of immunostaining against laminin in microstructures 
fabricated from laminin (2 mg mL-1) and BSA (98 mg mL-1) within GMHA 
hydrogels at a peak laser intensity of 6.0 x 1011 W cm-2. Linescans of 
fluorescence profiles across the center of the squares are shown in B and D 
(analysis performed using ImageJ). Squares of microstructures are 150 µm x 
150 µm.  
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Figure 6.7 Gold-Modified Lysozyme Microstructures in PEG Hydrogels. Lysozyme 
microstructures fabricated within PEG hydrogels from 100 mg mL-1 and      
1 mM MB at a peak laser intensity of 8.0 x 1011 W cm-2 and subsequently 
deposited with gold nanoparticles. Phase contrast images are shown in A 
and B and scanning electron microscopy images are shown in C-F. Scale 
bars as noted in images. 
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Figure 6.8 Gold-Modified Avidin Microstructures in GMHA Hydrogels. Microstructures 
fabricated within GMHA hydrogels from 100 mg mL-1 avidin and 6 mM 
FAD at a peak laser intensity of 1 x 1012 W cm-2. Microstructures were 
incubated with BSA-adsorbed gold nanoparticles, which appeared black 
after gold deposition. Microstructures were fabricated in a 3D pyramid. DIC 
images are shown focused at the pyramid base (left), center (middle) and tip 
(right).  Scale bars = 30 µm. 
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Chapter 7: Overall Perspectives 

 

This dissertation has outlined methods for the presentation of geometrical, 

mechanical, topographical and chemical cues to control the organization and phenotype 

of cells in hydrogel scaffolds. Cells can be cultured within a 3D environment by using 

photocrosslinkable hydrogels. The base polymer of these hydrogels is the bioactive 

polysaccharide, hyaluronic acid (HA), which is an instrumental component in the 

extracellular matrix (ECM) during development and wound healing [1-5]. Other ECM 

components, such as fibronectin (FN), can be incorporated uniformly throughout the 

hydrogels to create ECM analogues.  

Additional chemical cues can be readily incorporated into hydrogel scaffolds by 

fabricating protein or polysaccharide matrices using multiphoton photochemistries. Using 

multiphoton excitation (MPE), these photofabricated microstructures have subcellular 

feature resolution (250–500 nm), which promotes the formation of functional cell-cell 

and cell-ECM adhesion complexes [6-10]. Moreover, photofabricated microstructures 

present a topographical landscape that can be easily designed and implemented for 

applications where spatially defined cell adhesion and guidance through scaffolds is 

required. Microstructures either can be fabricated from or modified post-fabrication with 

various adhesive peptides or ECM components that present specificity for certain cell 

types as a means to create patterned co-cultures. As substrate mechanics often have 

significant effects on cell phenotype and migration [11-16], a facile route for attenuating 

the mechanical properties of the bulk hydrogel microenvironment over the physiological 

range for soft tissues has been developed. Furthermore, microstructures photofabricated 

using MPE can be tuned to pattern hydrogels in three-dimensions to provide 
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simultaneous geometrical, mechanical, and chemical cues. These cues can be 

incorporated onto microstructures exhibiting submicron-scale topography individually or 

in combination in hydrogel scaffolds, as appropriate for a given application. In addition, 

concentration gradients of chemical cues [17-22] and stiffness gradients of mechanical 

cues [23-26] are known to increase cell migration in the gradient direction. Currently, 

studies to develop methods to present gradients of cues on photofabricated 

microstructures are underway. 

In the nervous system, combinations of different kinds of cellular cues have been 

shown to positively influence neuronal adhesion, neurite outgrowth, and neurite guidance 

[8, 27-33]. Currently, there are no viable clinical treatments for injuries to the CNS and 

long injury gaps in the PNS [2, 34, 35]. It is possible that creating implantable scaffolds 

based on combinations of the strategies described here could increase the chances of 

successful nerve repair. In addition, the biological underpinnings of wound healing and 

development in the nervous system are largely a mystery. As a defined model system of 

the in vivo microenvironment, these hydrogel scaffolds could be used to study the 

individual and combined effects of different types of cues on neural progenitor/stem cell 

development, axongenesis, axon guidance and synaptogenesis, among other processes. 

Furthermore, HA hydrogel scaffolds are an appropriate system for co-cultures of neurons 

and endothelial cells (and their respective progenitors), as the interplay of these two cell 

types is crucial to the development of both neuronal networks and vasculature [36-46]. 

The development of these controlled, biomimetic microenvironments, as 

described throughout this dissertation, provide improvements over the current methods 

for the treatment and understanding of nerve injuries. Future studies may include the 

combination of multiple cue types into a single scaffold to study their effects both in vitro 

and the in vivo optimization of these scaffolds as implants to encourage nerve repair. 
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Appendix: List of Abbreviations 

 
1H-NMR: proton nuclear magnetic resonance 

2D: two-dimensional 

3D: three-dimensional 

AFM: atomic force microscopy 

ANOVA: analysis of variance  

ATP: adenine triphosphate 

BSA: bovine serum albumin 

CNS: central nervous system 

CQ: camphorquinone 

DAPI: 4',6-diamidino-2-phenylindole 

DIC: differential phase contrast 

DMD: digital micromirror device 

DMEM: Dulbecco's modified Eagle's medium 

DRGs: dorsal root ganglia 

dsDNA: double-stranded deoxyribose nucleic acid 

ECM: extracellular matrix 

FAD: flavin adenine dinucleotide 

FBS: fetal bovine serum 

FDA: Federal Drug Administration 
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Fluorescein-biotin: 5-((N-(5-(N-(6-(biotinoyl)amino)hexanoyl)amino)pentyl) 

thioureidyl)fluorescein  

FN: fibronectin 

FNAc: fibronectin-acryloyl 

GFAP: glial fibrillary acidic protein 

GM: Göppert-Meyer 

GMHA: glycidyl methacrylate-modifed hyaluronic acid 

HA: hyaluronic acid 

HBSS: Hank's balanced salt solution without Ca2+ and Mg2+ 

HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HUVECs: human umbilical vein endothelial cells 

I184: Irgacure 184 

I2959: Irgacure 2959 

IgG: immunoglobulin G 

IKVAV: Ile-Lys-Val-Ala-Val peptide 

ITX: isopropylthioxanthoe 

LDV: Leu-Asp-Val peptide 

MAHA: methacrylic anhydride-modified hyaluronic acid 

MB: methylene blue 

MPE: multiphoton excitation 

MW: molecular weight 

NA: numerical aperture 
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NGF: nerve growth factor 

NHS: N-hydroxysuccinimide 

NHS-PEG-Ac: N-hydroxysuccinimide-polyethylene glycol-acryloyl  

NHS-PEG-Fl: N-hydroxysuccinimide-polyethylene glycol-fluorescein 

NPCs: neural progenitor cells 

PBS: phosphate-buffered saline 

pI: isoelectric point 

PLL: poly(L-lysine) 

PEG: poly(ethylene glycol) 

PHRSN: Pro-His-Arg-Ser-Asn peptide 

PMT: photomultiplier tube 

PNS: peripheral nervous system 

PRRARV: Pro-Arg-Arg-Ala-Arg-Val peptide 

PZT: piezoelectric translator 

RB: rose bengal 

REDV: Arg-Glu-Asp-Val peptide 

RGD: Arg-Gly-Asp peptide 

RHAMM: receptor for hyaluronic acid-mediated motility  

SEM: scanning electron microscopy 

S.E.M.: standard error of the mean 

TEA: triethanolamine 

Ti:S: titanium:sapphire 
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TMR-biotin: 5-(and-6)-tetramethylrhodamine biocytin  

TRITC: tetramethyl rhodamine isocyothianate 

UV: ultraviolet light 

VAPG: Val-Ala-Pro-Gly peptide 

VP: N-vinylpyrrolidinone 

YIGSR: Tyr-Ile-Gly-Ser-Arg peptide 
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